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SYNTHESIS AND CHARACTERISTICS OP 


rolyarylrnb ether SULFONES 

R. VUwanathan, B. C. Johnson, T. C. Ward, and J, B. McGrath 

(ABSTRACT) 

The classical route for the synthesis of this family of 
macromolecules is via nucleophilic aromatic substitution us- 
in<j dimethylsulf oxide (DMSO) as a dipolar aprotic solvent 
and aqueous sodium hydroxide as a base. High molecular 
weight homopolyers can be synthesized in a short time (1 
hour) . However, hydrolytic side reactions can limit its 
scope For tiie synthesis of block copolymers. An alternate 
route using potassium carbonate/dimethyl acetamide as base 
and solvent respectively has been cited in the patent lit- 
erature. We have used this method for the synthesis of 
several homopolymers and copolymers derived from various 
bisphenols. Our investigation into the kinetics and mechan- 
ism of this process has demonstrated that this route devi- 
ates from simple second order kinetics. This deviation has 
been rationalized to be due to the heterogeneous nature of 
the reaction. 

The utility of these polymers is a direct function of 
their excellent stability (hydrolytic, thermal and dimen- 
sional) wide use range and good mechanical properties. How- 
ever, their poor solvent resistance can be considered and 
"Achilles heel". We reasoned that the introduction of a 


second ordered or crystalline component would vastly Improve 
its solvent resistance. Hydroqulnone polysulfone, homopoly- 
mer was reported to be semi-crystalline "as made". He thus 
synthesized and studied "random" copolymers obtained by 
reacting various mole ratio combinations of bisphenol-A and 
hydroquinone with dlchlorodlphenyl sulfone. The molecular 
weight (M^) of these copolymers ranged from 20,000 -40,000. 
Their glass transition temperature (Tg) increased monotonl- 
cally from 185®C for pure bis-A homopolymer to 210*C for hy- 
droquinone homopolyraer. Two different types ot mechanical 
tests together with DSC and SEM measurements showed that im- 
proved solvent resistance (especially to liquids of interest 
to NASA for aerospace functions) could be achieved via a 
novel liquid induced crystallization process. and pro- 

ton NMR spectral assignments were successfully made using 
model compounds. The composition of the copolymers by NMR 
accurage to ±3%. Multiblock (-A-B-) copolymer of bisphenol- 
A polycarbonate and several poly ( ary lether sulfones) were 
synthesized from well characterized oligomers. It was pos- 
sible to prepare one or two phase block copolymers by con- 
trolling the molecular weights and/or interaction parameters 
of the par. nt oligomers. Surface characterization showed 
surface segregation even for the single phase material. 

Triad distribution of monomers in non-equilibrium co- 
polycondensation was investigated by Monte* Carlo simula- 
tion. In the one step process, where the intermonomer and/- 
or comonomers had independent functional group reactivities, 

iii 


the resulting copolymer was always random Irrespective of 
the reactivity ratio of tlie comonomers. A non random dis- 
tribution was obtained when the reactivity ratio of the fun- 
tional groups in the intermonomer and those of the comonomer 
were much greater than unit. Monomers that resulted in a 
random copolymer in a one step process could be made with a 
non random distribution by a multi-step process. 
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Chapter I 
INTRODUCTION 


The overall goal of this research was to investigate the 
chemistry and physics of poly(arylene ether sulfones) with 
the hope of improving their enviromental resistance charac- 
teristics. Thus the scope of this investigation is multi- 
disciplinary and involves various aspects of polymer synthe- 
sis and physical behavior. To introduce the reader to many 
of the terms used in subsequent sections, the following 
sections begin with a general discussion of condensation 
polymers, copolymer types and their characteristics* Since 
our research here is concerned with poly (ary lene ether 
sulfones), a detailed literature of the synthesis and poly- 
merization mechanisms Cor polyethers in general has been 
provided. Sections on solvent induced crystallization 
(SINC), sequence distribution of monomers in copolymers and 
environmental effects on mechanical properties are also 
described, 

1-1 STEP GRC^ POLYMERS 

Step growth or condensation polymers are formed by the 
reaction of two functional groups, with or without the 
elimination of by-products and the formation of a third 
functional group. The following esterification reaction 
will serve as an example. 


I 


2 


R-OH •»> HOOC-R j R-OOC-R <•> H 2 O ( 1 ) 

h«r« th« alcohol la ahown raacting with an acid to form an 
aatar with elimination of water* However, for the formation 
of a linear polymer the two reactanta muat be bifunctlonal. 
Thua a polyeater can be aynthealzed by t%#o general methods. 
A"B Type 

In this approach the bifunctlonal reactant (monomer) 
contains both functional groups, that is, the hydroxyl -OH 
and the carboxy -COOH. The reacting monomer is thus 
bifunctlonal. 

n(HO-R-COOH) — — » HO-HR-COO-H-R-COOH + (n-l)H20 (2) 

n 

A-A -f B-B Type 

The two functional groups here are present in different 
molecules. Both monomers are bifunctlonal and the polymer 
forming reaction Is shown below. 

n HO-R-OH + n HOOC-R-COOH 

— . HO-f-R-COO~HR“COOH + 2(n-l)H20 (3) 

Most poly condensation reaction are reversible and 
therefore the removal of by-pro-^uct from the reaction zone 
is essential for the synthesis of high molecular weight 
polymers. In general the polymer may be represented as 





follows. 
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R-X-R-X-R-X-R-X-R-X-R-X-R-X 


(4) 


H«r« R is a divslant groups such at -(CH 2 )- or a phtnyl 
group* ate* and X is a functional .' ^nlcage like *>0>* -CO-* 
NHCO-* etc* Xf all Rs and Xs are the same then the polymer 
is known as a homopolymer and may be represented as: 

-t-R-XH-n (5) 

If V lere is more than one type of R or X then one may define 
this system as a copolymer. For examplet 

HO-R-COOH + HO-R'-COOH — ^ Copolyester (6) 

HO-R-OH \ 

/ ♦ HOOC-R-COOH — — ► Copolyester (7) 

HO-R*-OH ' 

1.2 COPOLYMER ARCHITECTURE 

The copolymers formed may be random or block copolymers, 
depending on the distribution of the monomer units in the 
polymer backbone. A random copolymer is characterized by a 
statistical distribution of monomer units* while in a block 
copolymer relatively longer sequences of the two monomer 
units are terminally connected. Within the general category 
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Of block copolymers, there are several architectural 
variations that describe the sequential arrangement of the 
component segments. It is a prime consideration in defining 
the synthetic technique to be used in preparing a specific 
block copolymer structure. Furthermore, this factor plays a 
dominant role in determining the inherent properties 
attainable with a given pair of segments. Pour of the basic 
architectural forms are shown in Figure 1. The simplest 
arrangmen*: is the diblock structure, commonly referred to as 
the block copolymer, which is composed of one block of A 
repeat units and one block of B repeat units. The second 
form is the triblock or the A-B-A block copolymer structure, 
consisting of a single block of B repeat units located 
between the two blocks of A repeat units. The third basic 
type is the (-A-B-)^ multiblock copolymer, which contains 
many alternating A and B blocks. The unique elastomeric 
behavior of A-B-A and (-A-B-)n block copolymers is 
responsible for the developnjent of an entire new 
technology- thermoplastic elalstomers. In these systems, the 
hard blocks associate to form small morphological domains 
that serve as physical cross-linking and reinforcement 
sites. These sites are thermally reversible, i.e., melt- 
processibility is possible at temperatures above the hard 
block Tg or Tfli. On the other hand, diblock copolymers are 
incapable of producing network structures, since only one 
end of the soft block is chemically linked to a domain of 
hard segments. The fourth type is the radial block 
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copolyn«r* This structure takes the form of a star-shaped 
macronolecule in which three or more diblock sequences 
radiate from a central hub. Two such arrangements are shown 
in Figure 1. In these systems* in general, the block 
molecular weight generally ranges from 10,000 to 100,000 
daltons, e.g., as in a typical styrene-butadiene-styrene 
(SBS) system. 

Segmented copolymers may be differentiated from the 
block copolymers in the following aspects. First, the num- 
ber of hard and soft segments in a segmented copolymer is 
often greater than in a block copolymer. Secondly, the 
molecular weight of both segments is typically low (1000- 
4000 gm/mole) relative to typical values of 10,000 to 
100,000 gm/mole for block copolymers. Thirdly, the seg- 
mented systems often have inter and intra-segmented hydrogen 
bonding (though not necessarily) whereas block copolymers 
often do not. Figure 2 schematically illustrates the two 
phase nature in the styrene-butadiene-styrene and segmented 
polyurethane systems. 

An important characteristic of both the block as well as 
the segmented copolymers is their ability to undergo 
microphase separation. In a material composed of units of A 
and B, which have an endothermic heat of mixing, there is a 
tendency for phase separation. The characteristics of the 
block copolymer molecules impose a restriction on this 
segregation and this leads to a microdomain formation. From 
a thermodynamic point of view, there is a positive surface 
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£r«e energy associated with the interface K and B domains 
and it is on this basis that the equilibrium domain size and 
shape is determined. Current thermodyamic theories for 
phase separation in block copolymers are given by Krause 
(25S-58), Meier (259-63), Helfand (264-66) and LeGrand 
(267). 

Krause analysed the roicrophase separation from a strict- 
ly thermodynamic approach based on microscopic variables and 
assumed that complete phase separation with sharp boundaries 
between the phases occurs. Though this analysis falls to 
predict the type of morphology or enable one to obtain 
microphase dimensions, it is very useful in demonstrating 
the influence of the number of blocks on phase separation. 

On the other hand, Meier developed a criteria for the form- 
ation of domains and their sizes in terms of molecular and 
thermodynamic variables. He treated the constraints that A 
and B blocks must be placed in separate domains as boundary 
valves in a diffusion problem. His model predicts the size 
of an assumed spherical domain in terms of the average 
end-to-end distance of the random flight chain for the 
constitutive blocks (259). Extending this model in the case 
of cylindrical lamellar domains, Meier (260-1) predicts the 
trand of domain formation. With a change in molecular 
weight of one constituent block, the domains change from 
spherical to cylindrical lamellar. Helfand's formulation of 
statistical thermodynamic model, based on the so-called 
mean-field approach, is similar to that of Meier. However, 
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thla treatment has no adjustable parameters* LeGrand has 
developed a model to account for domain formation and 
stability based on the change in free energy which occurs 
between a random mixture of block copolymer molecules and a 
micellar domain structure. 

Two important characteristics of these systems which 
affect phase separation are the solubility parameter of the 
individual blocks and the average segment length. As a 
matter of fact# depending on the above characteristics# the 
properties of segmented copolymers may vary from those of 
random copolymers to those of thermoplastic elastomers* The 
former generally has been observed in systems which have 
either short segment lengths of similar inter-and intra- 
segmented secondary binding forces or both. The solid-state 
structure of these compatible segmented polymers is rela- 
tively homogeneous# with the copolymers displaying proper- 
ties approximated by a weighted average of the two segments. 
However# most of the segmented copolymers exhibit a two- 
phase structure and may be thermoplastic elastomers* As 
their name implies# thermoplastic elastomer exhibit some 
characteristics of chemically crosslinked elastomers yet 
differ from vulcanized rubbers in that they will soften and 
flow at elevated temperatures. The resultant simplified 
processibility of these copolymers is a direct consequence 
of their unique morphology. At service temperatures, one of 
the components is viscous or rubbery (sott segments) while 
the other is of glassy or somicrystalline nature (hard 
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segment). The usual properties of these copolyners are 
directly related to their two-phase microstructure » with the 
hard domain acting as a reinforcing filler and multi- 
functional cross-link. Because of the relatively short 
segment length and Its molecular weight distribution, micro- 
phase separations are generally Incon^lete, suggesting im- 
pure domain and Interfaclal regions comprised of a mixed 
phase In which there Is a gradient of composition. The ex- 
tent of Interphase mixing and how It Is affected by sample 
fabrication methods also can control many of the important 
properties of segmented copolymers. 

1.3 SYNTHESIS OF CONDENSATION COPOLYMERS 

Random copolymers represent the simplest means of Intro- 
ducing two chemically different monomer units into the poly- 
mer. The reaction Is carried out by reacting a mixture of 
the two monomers slmulataneously. The multiblock copolymers 
may be synthesized cither by reacting preformed oligomers 
with mutually reactive end groups or oligomers and monomers. 
Reactions 6 and 7 would be expected to result in random 
copolymers while reactions 8, 9, 10, and 11 would produce 
block copolymers. 
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Oligomer/Oligomer Coupling 


(n)HO-(-R-COO-)-R-OH + (n)HOOC-(R'-COO-)-R'-COOH 


(oligomer) 


(oligomer) 




HOl-f-R-COO-HR-OOC-(-R’-COO-^}--R COOH + 2(n-l)H20 (8) 

(multiblock copolymer) 


HO-(-R-COO-)H + HO-(-R'-COO~)-H 

(oligomer) (oligomer) 

V 

HO-i-HR-COO-f t-R'-COO-i ) -H (9) 

(multiblock copolymer) 


Oligomer/Monomer Coupling 


HO-f-R-COO-4-R-COOH + y HO- R' -COOH 


(oligomer) 




{ monorae r ) 


HO- { -R- COO-4- R-iCtX>-R'-^) COOH + »l2^> 


(block copolymer) 


( 10 ) 


(n) BO-R-OH ■»> (n)HOOC-R-COOH 
(monomers) 
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) block copolymer (11) 


( n ) HOOC-4 R • -C0O4-R * -COOH 


j 


(oligomer) 


Note that the above reactions do not consider ester inter- 
change processes. Reaction (8) gives rise to perfectly 
alternating copolymers^ since it utilizes well characterized 
mutually reactive oligomers. 'Rierefore, the description of 
the final architecture of the block copolymer is thus more 
precise. Most copolymers of poly ( ary lene ethers) are random 
in nature due to the ease of synthesis and the equilibrium 
or redistribution nature of the reaction. 

Characteristics of copolymers with special reference to 
poly(arylene ethers) are described in later sections. 

1.4 GENERAL ASPECTS OF POLY(ARYLENE ETHERS ) 

Poly(arylene ethers) belong to the class of materials 
known as so called engineering thermoplastics. They are 
tough rigid materials with good mechanical and thermal prop- 
erties. They can be used continuously under load bearing 
conditions over a wide range of temperature perhaps up to 
40-50*C below their glass transition temperature is possible 
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by convtntlonal mathods such as injection molding or ex- 
trusion techniques, into products having excellent hydro- 
lytic, thermal and dimensional stability. This section re- 
views the work done in the technical development of poly- 
arylene ethers, their synthetic routes and their structural 
variability. 

Aromatics such as benzene, naphthalene, anthracene, 
etc., are thermally stable products obtained from the de- 
structive distillation of coal. The search for engineering 
thermoplastics logically culminated with aromatics in the 
polymer backbone. If the aryl units are linked with therm- 
ally stable functional groups, for example, >S02, >C0, -0-, 
etc., one can also import a controlled amount of flexibility 
or tractability, which can enhance processing and ductili- 
ty. 

At the same time the introduction of the above groups, 
can both contribute desirable engineering properties and 
also provide alternate routes for their synthesis. The 
ether group is of course the predominant linking group in 
these polyarylene ethers. In this connection several 
interesting characteristics of the ether linkage are worth 
mentioning. The carbon-oxygen bond has a lower potential 
barrier to rotation, lower excluded volume, and Vander 
Waals interaction characteristics than the carbon-carbon 
bond. These factors may contribute to the ease of coiling 
and uncoiling of the chain and thus Impart great chain 
flexibility. The aryl ether bond is also well known to 
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display graatsr hydrolytic stability conparad to othar polar 
functional groups such as amldas, astars, ate. 

Tha davalopnant of synthetic tachniquas# capabla of 
producing usaful high molecular weight polymers* has evolved 
only in the last twenty years. From a mechanistic point oC 
view* only three synthetic routes to poly (ary lathers) are 
available. These are nucleophilic aromatic substitution, 
electrophilic aromatic substitution and oxidative coupling. 
The first two methods permit a wide range of polymers to be 
prepared whereas the oxidative coupling is restricted to the 
polymerisation of substituted phenols. The three methods 
are reviewed in this section and specific synthetic 
procedures are also provided. 

1.5 POLYPHEHYLENE OXIDE 

This the simplest (least substituted) polymer of the 
poly (ary lane ether) family. Ironically, the commercial 
synthesis of this polymer might be via the ullmann ether 
synthesis of halide substituted phenols (3,4). 



However, most investigators have been only able to produce 
low molecular weight polymers (5-8). Stamatoff (9,10) and 
others produced high molecular weight polymer by modifying 
the Ullmann ether condens«ition of p-bromo- sodium phenolate. 


IS 


Th* r««ction was estslyssd by cuprous chlorlds and an 
organic bass* Rl 9 h tssipsraturss as wall as anhydrous and 
oxygon frss atnosphsrs wars also assantlal to produca high 
•olacular waight polymars* Inart high boiling confounds 
such as nitrobansansf banzophanona* dinathyoxybanzanasr ate. 
wars usad as solvants* H. M. Van Dort (11) repaatad and 
extandad the wor)c of StamatofC. High molaculac weight 
polyaar was obtained even though the Ullinann condensation 
itself was somewhat unreproducible. Non linear and/or 
crossl inked polymers s^^emed to the the major side products. 
Pankofa (12) reported ^hat even traces of oxygen promoted a 
free radical side reaction, forming branched and crosslinked 
products. Robeson et al. (21) successfully synthesized 
linear high molecular weight polymers by reacting sodium 
bisphenate with aromatic dihalide under similar conditions 
(See Table 1). Such a technique had been earlier outlined 
in the patent literature by Parnham and Johnson (308). 






CuCl2 

200*C 




+ NaBr (13) 


Where X - O. 


or a chemical bond. Typical reaction 


conditions used were as follows. A solution of bisphenol-A 
disodium salt • 6(H20) was refluxed in toluene in a round 
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bottoMd flMk fitted with a daan atark trap to ronova 
watar. Bansophanona was addad and toluana dlatillad off to 
a pot tanparatura of 210*C. Aftar cooling# an aquiMlar 
aaount of 4«4*-dibroMobiphanyl and a catalytic ainount of 
CuCl2 solution was addad undar strictly nitrogan 

atsosphara. Tha sixtura was haatad for 6 hours at 
iv^-215*C. Tha product was coolad# diluted with toluana# 
coagulated in alcohol and dried to give high yields (> 90%) 
of polymer axibiting good thermal and nachanical properties. 
Soma of these are shown in Table 1. 

1.5 MECHANISM 

Although the Ullmann condensation has been known since 
1904 (3)# it was not until 1951 that Bunnet and Zahler (13) 
proposed a nucleophilic aromatic substitution for the 
reaction. Ilieir mechanism was useful, but rather 
incomplete. A more detailed mechanism was proposed by 
H. Weingarten (14,15). Several important points were noted. 

(1) Copper (I) was believed to be the catalytically active 
form. 

(2) The halogen reactivity decreases in the order 
I>Br>Cl>>F. 

(3) The nature and po;i>ion of substituent effects were 
similar to previously studied aromatic nucloephilic 
substitution. 

(4) The order of the reaction was found to be first order 
in catalyst and in halobenzenes , respectively, but a 
variable order was noted for potassium phenoxide. 


TABLB 



r^duc^d viscosity lacssur^d in CHCI3 st 25*C And 0*2 gn/dAcilitAr 
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Scheme I was stated to be consistant with the above 
observations. 


Scheme 1 


CuBr + KOAr — 
CuOAr + KOAr 


K+Cu“(OAr) + BrAr 


CuOAr 
O 



CuOAr + KBr* 
K+Cu-(OAr) 


slow 



R+ 


K+ 


Here the copper (I) is envisioned to first interact with the 
electrons of the aromatic halide. The validity of this 
mechanism has been further substantiated by the isolation of 
cuprous ion-benzene complexes (16). 

Scope of Reaction . 

The role of the solvent in the polymer forming reaction 
is not very critical (21) provided that it is inert and high 
boiling. The majority of solvents employed contain a het- 
eroatom, having a lone pair of electrons in their molecule. 
The Ullraann reaction can be accompanied by side reactions. 
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such as rsductlve dehalocenation (17) » Ulmann coupling ( 4 ) 
and branching or crossllaklng# due to the fomation of radi- 
cals (12). The reaction conditions# solvent and the nature 
of the arwaatlc halide play an Important role In the rela- 
tive contributions to the main and side reactions* Sheln 
(18-20) has reported high yields and faster rates of model 
ethers by the use of potassium carbonate and free phenol In- 
stead of preformed phenoxlde. Bacon (22 #23) and Tomlta (24) 
reported the use of CuO# free phenol and aromatic halide for 
alkali sensitive compounds. Here Cu (I) oxide was proposed 
to function as both a base and a catalyst. These observa- 
tions could well increase the scope of the polymer forming 
reaction. 

1.6 OXIDATIVE COUPLING 

The synthesis of unsubstituted polyphenylene oxide via 
an Ullmann condensation was discussed in the previous sec- 
tion. Chain branching and other side reactions were sug- 
gested as being due to free radical intermediates. High 
molecular weight linear polymers could be obtained by care- 
ful exclusion of these reactions. Interestingly# in this 
section# high molecular weight polymers are obtained by a 
radical mechanism termed "oxidative coupling". The use of 
ortho-dl-8ubstituted phenols and careful choice of the re- 
action system permits very high molecular weight linear 
polymers to be made in a relatively short reaction time. 
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In 1959, Prof. C. C. Price, at the University of 
Pennsylvania and Dr. A. S. Hay, at General Electric almost 
slmulataneously and Independently reported the synthesis of 
poly ( 2, 6, dimethyl 1,4 phenyleneoxide) . In recognition for 
their contribution in understanding the reaction and the 
general behavior of phenoxy radicals, they received awards 
from the American Chemical Society (1974) and the Society of 
Plastics Engineering (1975), respectively. 

Although the mechanisms of the two methods may well be 
quite similar, there are some intrinsic characteristics that 
warrant separate treatments, as discussed below. 

1.6.1 OXIDATIVE DISPLACEMENT 

Hunter (25), while extending the scope of the Ullmann 
ether condensation, reacted ethyliodide with silver salts of 
trlhalophenols and obtained an amorphous product* After a 
detailed (26) study of the reaction the following 
conclusions were reached: 

(1) Only halogen attached directly to the phenol reacted. 

(2) The order of ease of displacement of the halides is 
I>Br>Cl. 

(3) The para halides were more labile than those at the 
ortho positions. 

( 4 ) The product formed by the displacement of the halogen 
was macromolecular in nature. 
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The polymer forming reaction was summarized as below. 

n CgH2Br30“Ag+ « (CgHoBraO) + nAgBr (14) 

n 

Since then, several workers (27-30) have modified this 
reaction with the hope of understanding the mechanism and 
ac).ieving high enough molecular weight for good engineering 
properties. The choice of highly halogen substituted phenol 
produced low molecular weight and/or branched polymer. The 
most notable contribution towards the synthesis of moderatly 
high molecular weight polyether was by Price and coworkers 

(31) . They studied the reaction of 4-bromo 2,6 dimethyl 
phenolate ion with a number of oxidizing agents which Cook 

(32) and Dimroth (32) had earlier used to generate stable 
free radicals. Typically, 1-10% mole percent of the 
oxidizing agent (Reaction 15) was used and the linearity of 
the polymer was confirmed by the presence of one bromine 
atom and one phenol group per chain. 



*oxidizing agent 


This reaction is extremely rapid and substantially complete 
in less than one minute. Reactions run to 25-50% 
conversions produced polymers which had about the same 
intrinsic viscosity as those carried to 90-95% conversion 
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undtr oxidative coupling conditions* This is raainiscent of 
oxidative coupling which is discussed in the following 
section* 

h typical procedure utilised by Price et al. is given 
below* A one liter three-necked flask is fitted with an 
efficient stirrer, a dropping funnel, and a gas dispersion 
tube connected to a stream of purified nitrogen. A solution 
of 5 g of potassium hydroxide in 200 ml of water, 8 g (0*04 
moles) of 4-bromo 2,6 xylenol and 200 ml of benzene is 
introduced. The stirrer is started and 1.3 g of potassium 
ferricyanide in 20 ml of water is added dropwise over a 
period of 30 minutes. After an additional 15 minutes of 
stirring, the mixture is transformed to a separatory funnel 
and the aqueous phase is drawn off the bottom. The benzene 
layer is concentrated by evaporation under reduced pressure* 
This concentrated solution is poured in acidified methanol 
to coagulate the polymer. The dried polymer obtained in 
>90% yield had an intrinsic viscosity (n) 0. 5-0.6 dl/g in 
benzene. 


1*6*1. 1 MECHANISM 

Since oxidizing agents used for polymerization were 
originally used to produce free radicals. Price (34) 
suggested the following mechanism. 


INITIATION 


. 23 




( 16 ) 


PROPAGATION 




TERMINATION 


ArO« 






(18) 


The heterogenous nature of the reaction (benzene/water) 
conqplicated the mechanistic interpretation. More recently 
(35) the following mechanistic steps (Reactions 19-23) were 
proposed . 

MONOMER ACTIVATION 

0 0 

BrArO !• — > BrArO. + I (Initiation) (19) 


(miOINAL PAGK L 
OF POOB QUALm 
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BrArO Br* — BrArO* * Br 


( 20 ) 


BrArO ♦ ArO. » — ' i BrArO. ♦ ArO 


( 21 ) 


GROWTH: 


'\,wwArO* + BrArO* 


\ 


<\,»v'\*'v\/ArO /zss 
Br 


'W'V'v'V/ArOArO + Br» 


0“ 

/ 


( 22 ) 


REDISTRIBUTION: 


2 'u'V'V/'vv'x-'XjArOArO* 

\ 


t 



( 23 ) 


'Xi'v'v'V/ArO* + ''''''''-'^ArOArOArO 
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teaetiont 19-21 gtnarata tha j^anoxy radloal* Haaotlmi 21 
la ravaralbla and ttia Min factor affacting tha a^ttilibriua 
<KMiatafit K* la tha ralativa atability of tba anlona* Tha 
oligoMtic radical la aora atabla than tha nonMaric phanoxy 
radical# which is tha raaaon tha systaa tanda to quickly 
oliqoMrisa. This accounts for tha initial chain lika 
bahavior* 

1.5.1. 2 SCOPE Of REACTION 

Tha raaction has baan initiated by savaral one elactron 
initiators such as iodine (31,36#37)# lead# silvert and 
copper oxides and their salts (38-42( 44)# potassiun 
pemanqanate (31#34#45) and organic or inorganic peroxides 
(42,46-48). A wide variety of solvents have also been used. 
The use of dipolar aprotic solvents such as DMF, HMPT# DNSO# 
DNAC# etc. gave a higher yield of polymers (49,35,42). 

Proper coa^ination of initiators and solvents has largely 
extended the scope of the reaction. Thus phenols with 
phenyl allyl or n-propyl groups in the ortho position have 
bean used for polymerization (50,51). Surprisingly the 
allylic double bond is inactive towards the growing radical. 
Polymerization does not take place with bulky substituents 
such as t-butyl or strong electron acceptors such as 
carbc^iy, fluorine, nitro, etc. Many workers have studied 
the formation and homo lytic decoii^osition of phenoxo metal 
complexes (43,44). 
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‘ WI** 2 . . 

imCT Of OMtiO fHniOL SirnSriTUBHTS om tub PROOOCT Of 
OXIOATXVB COUfLZNO {t%t, S2) 


R 

R* 

Prlncipel product 

M«thyl 

Methyl 

PolyxMir 

Methyl 

Ethyl 

Polymer 

Methyl 

t-butyl 

Diphenoquinone 

Methyl 

Phenyl 

Polymer 

Methyl 

Methoxy 

Polymer 

Ethyl 

Ethyl 

Polymer 

i*Propyl 

i-Prcqpyl 

Diphenoquinone 

t-Butyl 

t-Butyl 

Diphenoquinone 

Chloro 

Chloro 

Polymer 

Methoxy 

Methoxy 

Diphenoquinone 

Nitro 

Nitro 

No Reaction 
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Rtaetions of unsubstitutod and mono subatitutod 
ohonolt ylaldad crottllnkad or branehad polyMra* Tha 
raaotlon haa baan aoat auocaaaful with phanola having aaall 
alactron donating roupa in tha ortho poaitiona. Mhan bulky 
groupa ara praaantf carbon-eartson coupling pradoainataa and 
dipbanoquinona ia tha major product* A typical procedure 
(52) ia outlined baloW' 

To a 500 ml wida-mouthad Brylanmayar flaak in a water 
bath at 30*C equipped with a vibromixar atirrar# an oxygen 
inlet tuba and a tharaomatar ara added nitrobanxana (200 
ml)« pyridine (70 ml) and copper (X) choloride (1 g). 

Oxygen (300 m/min) ia bubbled through the vigoroualy atirr- 
ed aoltttion and than 2|6 dimethyl phenol (15 g* 0*12 mole) 
ia added. Over a period of sixteen minutes tha tasq^arature 
riaea to 33*C and the reaction mixture becomes viscous. 

Tha reaction is continued for some more time* then diluted 
with chloroform (100 ml) and coagulated in methanol (1.1 
liter)* containing concentrated hydrochloric acid (3 ml). 
Tha precipitated polymer is filtered and washed with metha** 
nol (250 ml) then with methanol (250 ml) containing concen- 
trated hydrochloric acid (10 ml) and finally with methanol 
(250 ml). Ihe polymer is dissolved in chloroform (500 ml)* 
filtered and repreciplnated in methanol (1.2 liter) con- 
taining concentrated hydrochloric acid (3 ml). After wash- 
ing with methanol and drying at 100*C (5imii) for 3 hours 
yield of 13.5 g (91%) cf almost colorless polymer is ob- 
tained ( (n) in benzene at 30* C > 0.96). 
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Initially it waa fait that tha raaetion aaa pr^ably 
an "addition typo” of polyMriiationr that ia» tha raaetion 
proeaadad by aaquantial additim of nononaric phanola to 
tha and of a groainf obian. Roaavar* Indara C55) ahoaad 
that kinatieally tha propagation bahavad as a atap growth 
polyoarisation. ihiaitak (56) confimad this by 
polynarising diaara. laolatad low aolacular waight 
oligonara Muld also ba polynarisad to high nolacular 
waight. Although tha ovarall nachanian is still not 
conplotaly undarstood, at laast in tha opan litaratura# tha 
ganarally aecaptad propagation nachanlsn (57-59) is 




I 
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Tfe« qulncm* k«tal inttrMOiat* is of oeiiii^ unsti^ls 
snd ooulO dlssooists sithtr to glvs two now srylosy rsdl- 
esls or ths start litq dlasrs* this proosss svsntuslly Issds 
to polyssrst Altsrnstslyf ths qulnons kstsl eould rs- 
srrsnqs dirsetly in s nsnnsr snsloqous to ths bsnsidins rs- 
srrsnqsssnt to qivs s tstrssstsr. Although this mschsniss 
is aors gsnsrsliy sccsptsd# it doss not account for various 
^ssrvations. iUiy stehaniss proposed nssds to bs con- 
sistent with a large nt»d>er of observations* 

<1) Typical free radical scavengers do not inhibit the 
reaction* 

(2) Sigh activity is obtained with only basic salts of 
copper. 

(3) Ligands that forn strong bonds with the central ion 
do not catalyse the reactions. The catalytic activity 
increases as the stability of the ligand decreases* 

(4) Cc^per c^spounds capable of cos^ining with two 
phenosy ions do not show any catalytic activity. 
However, basic salts catalyse the reaction only in 
the presence of oxygen. 

(5) The electronegativity values of phenols and divalent 
copper are 3.0-3. 2 and 2.0 respectively. Therefore 
the oxidizing agent has to be a coiqplex of Cu^^ 
rather than just a Cu^'*’ basic salt. 

(4) The head to tail orientation and conditions that 
dictate C-C coupling versus C-0- coupling. 
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<7) initiatioii of tho polyMrliatlon It etutta by 
•Itetroii trtntf tr bttwtoii Mio tyltiiol tnton Md t 
trtatitiofi Mttl loo. 

(•) fbo fMnMtion of aonoMrio and polyaarie pbanoxy 
mdioal «taiiig A 90 # PbO» ate. 

(9) I^Mra and trlaara can alao fora polyaar. 

(10) nft dataetabla level of polyaerie radlcala it not 
obtained for e^pper catalytic eyatea. 

(11) tttto^xidation of o^>per (X) chloride in pyridine 
reaulta in the absorption of one aole of oxygen per 
four aolea of copper (I) chloride. 

(12) O^^r (ZZ) salts have been found to be inactive as a 
catalyst. 

(13) Loe ratios of ligand to copper yields predoalnately 
C-C c-:Mipled product. When the ligand ratio is 
increased to a 10/1 ratio and higher# only elnor 
aaounts of diphenoquln<me are Observed. 

(14) Mien strongly basic bidentate ligand is used# a sharp 
break occurs at 2N/Cu above which aleost exclusive 
C-K) coupling occurs. 

(15) Znereasing the else of the ligand coordl;i>.te to 
copper favors C-C coupling. 

(14) aulky ligaiMs favor the C-0 coupling of o-cresols. 

(17) The polyeerlsatlon reaction behaves as a typical 
condensation reaction, In the sense that aolecular 
weight increases slowly with conversion. 
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(18) Htthoxylatttd phenols were unreactlve in tha presence 
or absence of nononers* 

(19) In the oxidative polymerisation 2»8 xylenol 3~D and 
2,6 xylenol -4D, 16% of label, in the former «ms 
lost and 23% of the label in the latter was retained. 

(20) Non^aer and trimers are formed from disulMitituted 
dimers but not from unsubstitated or monosubstituted 
dimers. 

(21) Oxidation of phenols such as 1# yield 2 





(22) Redistribution of xylenol dimers occur with other 
phenols . 

(23) Replacement of one methyl by t-butyl or both by i-Pr 
leads to diphenoquinone as the main product. 

(24) The rate of phenol oxidation under Hay conditions 
(52) is first order in catalyst, first order in 
oxygen pressure and zero order in phenol. 


1.6. 2. 2 SCOPE OF REACTION 

Suasituted phenols have been widely used and studied. 
The ortho disubstituents have been small al)cyl and alkoxy 
groups such as methyl and ethyl (69-152). Other phenols 
like halogenated xylenol (131), o-cresol (91,135,136), 


Mono# haloffiiatod phonolo (tS#119fl24#13^) Also 

ylold polymors of rolntivoly lowor aoloculor vol^ht* 
PolyiorisAti^ of antobttitutod phonolo «nd naphtholo h«vo 
Alto boon Afeto^ptod tI21#132#U4) • , A wido vArtoty of , 
trAnoition Mttol aaI^A moploxot hAvo boon otod. Hoot 
co M Ao n OAlfet ACO of eoj^r (62«75-83«85<-96#98rl00#104->122, 
1243# MAO^anoto (40-61#48-74#90,97-104#106-8#133-125) # 
cobalt (64#88,128) and nickel (62#98)# etc. Organic amines 
like alkyl (64,65#68,69#79,84#87,93,94,98#106,117#122-127) 
alkanol (61#66,71#90,97,99#101,108,114,135,139,144) 
pyridine and pyridine derivatives (60#62,63#75, 76^85, 95# 
100#104#11S#121) as well as inorganic bases like NaOH (70) 
KOH (74 #89) and NH 40 H (107) have been used. In all cases 
the ratio of organic base to metal con^lex has been high. 
The most commonly used solvents have been toluene# benzene# 
chlorobenzene and chloroform. Interestingly# radical 
acceptors such as styrene (79)# vinyl pyridine (75#76)# 
etc. have also been used as a solvent. In the latter case 
only low molecular weight oligcnier was obtained. The 
reaction is usually carried out at room temperature (30*C) 
for 3-6 hours. In all processes diphenoquinone is the only 
major side product. By careful optimization the diphenyl- 
quinone content can be reduced to less than 0.01% (62#74# 
78#88#92). 

1.7 POLY(ARYLENE ETHER SULFONES ) 


The last two sections dealt with the ether linkage as 
the principal functional group between the aromatic nucleus 
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In th« backbon*. thin ntction rtviawi 

Aoleoultt 'eontalning botK athar and sulfona grbupa. ' 9ha 
choioa of tha aulfona group is baeauta of tha thamal 
stability of diphanylaulfonaa and thair iiilYonylation 
chaniatry. In prinetpla» tha poly(arylana)atharaulfonas 
can ba aynthaaiaad by eithar polyatharificatlon or via 
polyaulfonylation. Thus in tha early I960* Sf Union Carbide 
Corp (UCC), 3N Co., and ICI (U.K.) independently and almost 
simultaneously, patented routes for the synthesis of aro* 
matic polysulfones. All of these firms have since corn- 
merclalized their discoveries under various trade names 
(Table 3). The 3N product is no longer produced. 

The two methods u»ed to synthesize poly ( ary lene ether 
sulfones) are by polyetherification and polysulfonylation 
as shown in equations (27), (28), (29) and (30). In poly- 
etherification, the sulfone group is already present in one 
or both of the monomers and the ether linkage is formed via 
ar<»aatic nucleophilic substitution in a dipolar aprotic 
solvent. By contrast, polysulfonylation involves the 
formation of the sulfone linkage between ether containing 
monomers and proceeds via electrophilic aromatic substitu- 
tion. The latter reaction is conducted in the presence of 
a Friedel-Craf t catalyst. Some exan^les are listed in 


Table 5. 
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TABLB 3 

PROBABLE STRUCTURES OP COMMERCIAL POLYSULPONBS 


UNION CARBIDE CORP, UDEL 




3M} ASTREL 300 


^ ) n— ) n ] 4 


ICI| 200P 




ORIGINAL PAGE U 
OP POOR QUAUTV 
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1.7.1 POLYBTHBRiriCATION 

Xn 19€7» Johnson «t al. (IS4) daaorlbad tha aynthesls 
of a larga number of high molecular weight poly (ary lene 
ether sulfonee) via condensation of blsphenates with actl-< 
vated aromatic dlhalldes. Mi li^iortant consequence of this 
work was the synthesis of blsphenol»A polysulfone* derived 
fr<» the disodlum salt of blsphenol-A and dichlorodiphenyl- 
sulfone and currently marketed by Union Carbide as UDBL 
POLYSULPONE* In this reaction the ether bond is formed via 
the displacement of the halide by the phenoxlde. Thus 
although the bisphenol may contain the sulfone group, this 
group forms an essential part of the dihallde. The elec« 
tron withdrawing nature of the sulfone group activates the 
dlhalldes, thus facilitating displacement. A typical pro- 
cedure (154) is discussed below. 

Into a 1 liter stainless steel resin kettle, fitted 
with an inert gas sparge tube, thermometer, mechanical 
stirrer, dropping funnel and Dean Stark trap with condenser 
is placed high purity blsphenol-A (51.36 g 0.225 mole), di- 
methyl sulfoxide (DMSO) (115 g) and chlorobenxene (330 g). 
The mixture is heated to 60-80*C and exactly 0.45 mole of 
50.0% aqueous sodium hydroxide is added. The system is 
heated to reflux while sparging inert gas through the re- 
action mixture. Most of the water is removed as chloro- 
benzene/water azeotrope. In doing so, the temperature of 
the reaction mixture rises to 140*C. The temperature is 
raised to 155-160*C by distilling off chlorobenzene* A 50% 




Ilf 




I 


i 
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solution o£ dlchlorodiphenylsulfone (64.61 q 0.225 moles) 

In dry chlorobensene maintslned st 110*C is added over a 
period of about 10 minutes » the excess solvent being allow- 
ed to distill at a rate sufficient to maintain the reaction 
teiq>erature at 160*C. In one hour at 160*C high molecular 
weight polymer is formed. The polymerization may be termi- 
nated by passing v^thylchloride into the polymerization 
mixture when the desired degree of polymerization is reach- 
ed. 

The viscous polymer solution is then cooled and 
diluted with chlorobenzene (about 700 g) and filtered to 
remove NaCl. The resulting clear solution is coagulated in 
3 or 4 volumes of methanol and dried in a vacuum oven at 
130*C for several hours. The yield is nearly quantitative. 

1.7. 1.1 MECHANISM 

Bunnett and Zahler proposed an aromatic nucloephilic 
substitution for similar monofunctional model compounds. 

(13) Schulze and Baron (155) studied the kinetics of the 
polymer forming reaction and concluded that the observed 
rate constant was first order in phenoxide and activated 
halide concentrations, respectively. Rose et al. (156) 
studied the effect of substitution on the polymer forming 
and hydrolysis reaction. Based on their observation and 
the above kinetic data they proposed the following mechan- 
ism. 



The reaction is envisioned to take place in two steps, 
and involve an activated complex intermediate. The first 
step is the slow rate determining step, ‘nils accounts for 
the overall second order reaction. The sulfone group plays 
a very important role in activating (157) the halide and 
forming the stabilized intermediate complex (158). 





The order of reactivites of the halides in the activated 
systems has been observed to be (156,159) p>0>>ro and 
F>Cl>>Br, I* Aromatic halides which do not contain 
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powerful •l«etron liithdrawing groups such ss sulfonss srs 
onrosetlvo snd in ths sbsOnos of such groups ths rssetton 
is not suitsblo Cor ths synthssis of high polynsr (At 
Issst without s estslyst)* Ths nors basic (loss soidio) 
phsnols srs nors rssctivs in hslids displscsnsnt. 

1.7.1.2 SCOPE OP SBACTIOil 

Tsbls 4 shows ths diCfsrsnt bisphsnstss» sctivstsd 
dihslidssf solvsnts snd bsss ussd In asking s wids varlsty 
of polynsrs. 

POLYSOLFOHYLATIOH 

Although ths sulphonylstion with sulphonylchlorldss 
ui^sr Prisdsl-Crsf t conditions have been known to give high 
yields of monomeric sulfonea (197), it was only during the 
last twenty years that this i^thod was reported for the 
preparation of high molecular weight polymers (198). Two 
different routes, involving electrophilic aromatic 
substitution were employed to prepare bisphenol-S 
polysulfone as shown below (199). 



* eio2S-^^o-^^-soaci 
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Tht first process involved the condensation of 
diphenyl ether with 4»4-diphenyletherdisulfonic acid in an 
o-chlorobensene-carbontetrachloride mixture to fora short 
oligMiers. Dehydration was then carried out by heating 
under reduced pressure over phosphorous pentoxide. *nie 
dried oligomers were then polymerised in polyphosphor ic 
acid at 240*C for four to eight hours* 

In the second process, diphenylether was reacted with 
4,4'-dichlorosulfonyldiphenylether in a nitrobenzene 
solution containing a stoichiometric amount of AICI3 and 
crossl inked polymer. 

Cudby (200) investigated the synthesis of poly (aryl- 
ethersulfone) via self condensation of p-phenoxybenzene- 
sulf onylchloride. Contrary to what might be expected, the 
reaction required only catalytic amounts of catalyst, 
preferably ferric chloride and was carried out at elevated 
tenf>erature (<150*C) in the absence of solvent for an ex- 
tended period of time. The reaction yielded high molecular 
weight, less catalyst contamination and crossl inked polymer 
compared to the corresponding two reactant technique. A 
typical synthesis procedure is provided. 

Required amounts of purified anhydrous ferric cnloride 
and the monosulf onylchlorides were melted under a nitrogen 
atmosphere. The temperature was then raised to 190*C for 
over 10 to 20 minutes, during which hydrogenchloride was 
evolved* After cooling, the foamed mass was ground and 
heated to 250*C under reduced pressure for 2-3 hours. 
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After cooling, the product was treated with a one percent 
solution of acetylacetone in dine thy Iformamide at 100*C for 
ten minutes, filtered and the f literate coagulated. The 
precipitated polymer was washed with acetone and dried 
under vacuum at 120*C. 


1.7. 2.1 MECHANISM 

The mechanism of sulfonylation is in some ways 
analogous to that of nucleophilic aromatic substitution, in 
the sense chat an intermediate complex is formed (156). 



(34) 


Again the formation of the intermediate is the rate 
determining step. 


1.7. 2. 2 SCOPE OF REACTION 

Tables 5 and 6 show the various polymers that have 
been made by this route. The choice of the catalysts for 
electrophilic aromatic substitution reactions is limited to 
those compounds which are needed only in catalytic 


POLYSULPONYLATION WITH DISULPONYLCBLORIDES 
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quantiti« 8 t Thus TSCI 3 , SbCl 3 , or XrCl 3 sppssr to b« most 
widsly ussd (156). Ths low cstslyst Isvsls aid in slinina- 
tlng aids raactions and potantial difficult its in purifying 
tha polysar. 

As in tha case of tha nuclaophilic condansation raac- 
tions discussad aarliar* tha choica of aval labia solvants 
is lisiitad. Although salt condansations do not require a 
solvantf tha high viscosities encountered in such processes 
render control of the reaction difficult. The solvent also 
allows hydroganchloride to escape more readily without 
foaming (201). Solvents such as chlorinated biphenyls and 
nitrobenzanes are the most effective in this regard. 

Rosa (156) and Cudby (200) have investigated the ef- 
fect of synthesis on the structure of polymers prepared by 
electrophilic substitution reactions. As expected, the 
self condensation of p-phenoxybenzenesulfonylchloride 

yielded only (or at least mainly), the para linked polymer, 
while the two reactant synthesis produced a mixture of both 
the ortho and para producets. Polymers made by self con- 
densation are shown in Table 6 . 

Employing NNR analysis, Cudby (200) has found that a 
significant degree of chain branching may occur during 
polysulfonylation. The exact mechanism was not clearly de- 
fined, but appeared to be the result of disulfonylation of 
single aromatic ring as shown following. 


S3 






( 35 ) 


1.7.3 MISCELLANEOUS SYNTHESIS OP POLYSULFONES 

Poly(arylene ether sulfones) have also been obtained 
by the oxidation of poly (arylthioethers) . In principle 
various oxidizing agents such as hydrogenperoxide { 202 ), 
iodobenzene dichloride (203) sodiumperlodate (204), 
t-butoxychloride (205) etc. could be used, however only 
hydrogen peroxide/ sulphuric acid has been used to oxidize 
polymers. Two equivalents of the oxidizing agents are 
required to oxidize the sulfide linkage to sulfone. With 
proper choice of the oxidizing agent the intermediate 
sulfoxide may be ioslated. When the oxidizing agent is a 
perioxide, the mechanism (206) of oxidation is as shown 
below: 


R-5i » 0-0- R* 

I I 
R‘ H 


rapid proton 
transfer 


- 

R-S-O-H + R'O 
I 

R 


(36) 


R-S«0 + R'OH. 

I 

R 


The second oxidation, which is normally slower than the 
first (207), has the same mechanism in neutral or acid 
solution, but in basic solution it has been shown that the 


54 


conjugat* basa of tha paroxy CMi^ound (RCOO) alao attacks 
tha S-0 group as a nuclaophila (208). 


1.8 V>OLY ( ARYLETHBRKBTONB8 ) 

Zn this saction tha athar and katona form tha 
principal functional linkage in tha polymar backbone. Tha 
katona group is similar to tha sulfona group, in that it 
activates ortho and para halides and deactivates ortho and 
para phenoxides. The activating power of the ketone group 
is reported to be less than the sulfone group (156) in 
nucleophilic aromatic substitution. Poly (aryletherketones) 
can be synthesized by polyetherification. *n)ey tend to be 
more crystalline than the analogous sulfones, which could 
lead to solubility problems. 



The iMChanism of the reaction is identical to the 
nucleophilic aromatic diplacement. The ketone may be 


ORIGINAL PAGE Ib 
OF POOR QUAUry 




"1 

i 


55 




H 



I 

i 


pr«s«nt in th« dihalidc and/or tha diphtnoxlda 
(154,171,175,178-9,183-5,209-20). 

Tha polyatharkatona has also baan synthesised by tha 
Prladal-Craft raactlon (253). Dhal polynarized 
p-phanoxy-bensoyl chloride or fluoride In the presence of 
dlphenylether or biphenyl. As In poly sulfonylat Ion, 
branching may take place. 


i 

I 

I 

i 
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1.9 MISCELLANEOUS POLYARYLETHERS 

01 Igoary lathers with sulfone/ketone/imldo linkages 
with various end groups have been used as high temperature 
laminates by Marvel (221-28) and others (229-231). 
Polyarylether discussed so far have been obtained by the 
displacement of the activated halide. Other groups such as 
nltro may also be displaced by phenoxldes as in nitro 
phthallmides (269-71) as shown below: 


0 

> 



0 



N-R 


( 38 ) 
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1.10 ENVIRONMENTAL STRESS CRACKING 
1.10.1 INTRODUCTION 

A critical failure mechanism termed environmental 
stress cracking is a typical mode of failure in application 


5« 


•nd-uM of polyaort (240). Tho prosoneo of organic cnvlr- 
onacnta in contact with thtaa Mtariala can load to forma- 
tion of microvoida or crasaa» iriiich in turn# can coalaaca 
and load to comg>lata rupture of the polyiMr. Although 
crasaa appear to be a aeries of sea 11 cracks r Microscopi- 
cally they contain oriented fibrillar polymer, figure 3 
illustrates the two. Graces can be forced by three dif- 
ferent methods I 

1) stress. 

2) solvent action 

3) stress plus solvent 

failure due to stress alone is quite common in metallic 
materals and is termed stress-corrosion cracking. Gracing 
due to solvent alone is more common to polymers* The 
effect of both stress and solvent is dramatically destruc- 
tive to polymers* It must be noted that In many cases a 
very small applied stress, such as residual stress in mold- 
ed parts may be sufficient to even erase or rupture the ma- 
terial in certain environments. This coifq>lete failure due 
to the combined effect of stress and solvent is termed 
"environmental stress cracking". This material failure is 
encountered in virtually all areas of polymer end-use. 
Structure property data has clearly shown that amorphous 
polymers are far more susceptible to environmental stress 
failure than their crystalline or crosslinked counterparts. 
Engineering thermoplastics and their composites offering 
improved performance in a variety of demanding application 


(;kaze 


CRACK 


FIGURE 3 


SCHEMATIC REPRESENTATION OF A CRAZE AND CRACK 
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•r« Mplaeinf Mtalliet. Many of thoto polyiMrt aro 
aaorphoua and anvironiMntal atraas cracking haa baan tha 
"Achlllaa Baal* (240). Baan^laa of anvlronaant inducad 
fallura in a^lication and-uaa of poiyaiara ara iiatad in 
Tabla 7. 


1.10.2 THEORIES OF EtiVIROHMEIITAL STRESS CRACKIW. 

Earllar thaoriaa of Nialaan (232) and othara (233-23S) 
propoaed that organic liquid could reduce the surface free 
energy for crack formation. The theories were baaed on the 
following factat 

1) Fracture alwaya craataa new surfacea. 

2) The aolid/liquid Interfaclal tenaion la alwaya 
lower than aolld/air interface. 

3) Abaorbed molecules can exert surface pressure. 

4) Gases and vapors concentrate at imperfections in 
polymers and then exert a two dimensional gas 
pressure. 

While good agreement with the above theory was 
observed with PNMA-alcohol-water system (234) extension to 
other organic system was not successful. It was also not 
particularly possible in predicting a priori from the 
actual results. 

Another criticism of this surface energy reduction 
scheme is that although a large amount of surface area is 
formed, the energy consumed in creating the surface is only 
a small fraction (3%) of the total energy dissipated in 


S9 

TABLE 7 

TYPICAL EXAMPLES 0? BNVXROMMENT INDUCED STRESS RUPTURE 

{rtf* 240) 


DETBRGKtTS • POLYETHYLENE (t.g. IGEPAL) 

PAINT SOLVENTS - AMORPHOUS THERMOPLASTICS 
HEPTANE - POLYSTYRENE (CASE tX SORPTION) 

FOOD OILS (t.g. MARGARINE.) - POLYSTYRENE 

ADHESIVES (SOLVENT BASED) > AMORPHOUS THERMOPLASTICS 

CLEANING SOLVENTS - AMORPHOUS THERMOPLASTICS 

ALCOHOLS - AMORPHOUS POLYAMIDES; PMMA 

COOKING OILS - POLYCARBONATE (t.g. POPCORN POPPERS) 

UNLEADED GASOLINE - POLYSTYRENE* POLYCARBONATE* NORYL 

POLAR SOLVENTS (t.g. ACETONE) - ALL AMORPHOUS POLYMERS 

FINGERPRINTS • AMORPHOUS POLYMERS 

FINGERNAIL POLISH - POLYCARBONATE; POLYSULKONE 


t 


60 


deformation (236). While surface energy probably does play 
a role in environmental stres cracking, other parameters 
may well override the surface effects. 

The second theoretical approach toward rationalizing 
environmental stress failure is that the organic stress 
cracking agent penetrates into the polymer and plasticizes 
it. The combination of stress and solvent lowers the Tg to 
the test temperature resulting in the flow or rupture of 
the polymer (240). 

Perhaps the most extensive study of this effect has 
been undertaken by R. P. Kambour and coworkers (237). They 
found a general correlation between the solubility para- 
meter of the liquid and the critical strain for crazing. 
They also clearly demonstrated that the environmental 
stress crack failure is poorest when the solubility para- 
meter of the environment is equal to that of the polymer. 
The plots of critical strain versus solubility parameter 
are not as convincing for the other systems studied as with 
PPO. This lack of good correlation is easily explained as 
the solubility parameter does not included effect of hydro- 
gen bonding, dipole-dipole interaction or molecular size 
(240). Since all of these factors are expected to contri- 
bute to the swelling response of the polymer subjected to 
various environments, the solubility parameter alone should 
not be able to predict the plasticization and therefore the 
crazing response. Gent (238,239) proposed a detailed mech- 
anism of crazing in glassy plastics. This mechanism 
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included the plastlclsation aspect o£ solvent erasing and 
cracking and can perhaps be considered to be the state- 
of-the-art in environmental stress cracking. Four im- 
portant considerations of this paper are outlined below. 

(1) Stress concentration at a crack. 

The region at the tip of a sharp crack or flaw experi- 
ences much higher tensile stress than the applied stress. 
The stress concentration factor is given by equation 39 

o/o - K =« 1 + 2{l/r)V2 (39) 

» K » 1 + 2(ll/r) (40) 


= applied tensile stress 
K = stress concentration factor 
1 = length of edge flow 
r > tip radius 

Typical polymer values for k were considered to be 10 to 
50. 

(2) Glass-to-rubber transition at the flaw tip. 

The glass transition temperature Tg increases with 
increase in normal stress. Conversely , it would decrease 
under a dilatant stress. The critical dllatant stress (DC) 
required to lower Tg at tlie flaw tip to the testing 
temperature is given by 

Dc = {Tg-T)(o2“«g)/Cj-Cg) (41) 

aymag * coefficient of thermal expansion in rubbery 
and glassy state 


i 


CY»Cg » compressibilities of rubbery and glassy state 
(a2-dg)/(C2-CgO - B (42) 
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nitr«for« transforMtion fron th« glassy ststs to ths 
rubbsry ststs occurs st s critics! vslus oC ths applied 

tonsils stress. 


7c ■ 3e(Tg-T)/K ( 43 ) 

(3) Effect of liquid or vspor environn^nt. 

The liquid or vspor environment with moderate to high 
solubility in the polymer will lower the of the crack 
tip considerably thus allowing for crack propagation at 
much lower stresses than in air. The critical stress, 
required for crack propagation is given bys 

OC • 0 « 3$(Tg - Tg’)/K (44) 

where o ■ stress required to promote crazing of the dry 
polymer, Tg* " Tg of polymer with sorbed penetrant at the 
crack tip. 

(4) Stress- induced penetrant sorption. 

The equilibrium swelling of a sol vent- polymer system 
Increases and under proper conditions can increase well 
over an order of magnitude causing an even further lowering 
of the Tg required for crack propagation. 

Although Gent's approach (238) to quantify 
environmental stress failure appears to be useful, there 
are other considerations of importance not presented by the 
mechanisms proposed by Gent. For example, the internal 
pressure build up due to diffusion of penetrant and the 
kinetic approach to failure (240). 
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1*11 SOLVENT INDUCED CRYSTALLIZATION 
1.11.1 INTRODUCTION 

(Mft of the most iiqportant factors determining the 
properties of a solid polymer is the packing order. Crys- 
tallisation is a means to control the degree and morphology 
of packing. In the molten state the polymer ch.iinn are in 
disordered conformations with the charactersitic irregular 
structures and a great deal of intermolecular entanglement. 
Despite the differences that must exist in the mechanistic 
nature of the crystallization of polymers as conqpared to 
monomers, formally the process is the same for both kinds 
of substances. The new state or phase must be initiated 
within the body of the parent liquid. This initiation pro- 
cess is called nucleation. The nuclei subsequently grow 
into larger mature crystals. Both of these processes have 
been identified in polymer crystallization. The crystalli- 
zation from most monomeric liquids takes place at very 
rapid rates at temperatures just slightly below the melting 
temperatures. The crystallization conditions are thus very 
close to that for equilibrium between the crystal and the 
liquid. On the other hand polymer crystallization must in- 
variably be conducted at temperatures well below the melt- 
ing temperatures so that the process can proceed at an ap- 
preciable rate. Depending on the polymer, crystallization 
temperatures anywhere from 15®C to 50*C below the melting 
temperature are necessary. Consequently, polymer crystal- 
lization takes place under conditions well removed from 
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•qalllbrluA* 1h« nol«oal«r ordering of a pol^Mt chain is 
a klnatie tiao-dapendant prooaaa. In addition, tha fact 
that polyaar cryatallisation it invariably conducted at 
taaparaturaa wall balow tha iMlting tan^araturaa will con- 
tributa further to the non-equilibriun character of tha 
final atata. Bacauae of these problens only a portion of 
tha chain adopts an ordered configuration. Depending on 
tha Molecular weight and crystalline conditions, the per- 
centage of crystalline material may vary from 30 to 90 per- 
cent. A roal polymer system is therefore, of course, semi- 
crystalline. 

1.11.2 MBCHANISM OF THERMAL CRYSTALLIZATION 


As mentioned previously, crystallization takes place 
in two states. The first stage is the formation of nuclei. 
The melt usually has to be supercooled by about 5*K to 20*K 
below the melting teiqperature before a significant number 
of nuclei appear which possesses the critical dimensions 
required for stability and further growth. The second 
stage is the growth of the crystalline region, the size of 
which is governed by the rate of addition of other chains 
to the nucleus. Measurable rates of crystallization occur 
between (T^-lO^K and (Tg + 30*K) , a range in which thermal 
motion of the polymer chains is conducive to the formation 
of stable ordered regions. The growth rate of crystalline 
areas passes through a maximum in this range as illustrated 
in Figure 4 for iostactic polystyrene. Close to T^ , the 
segmental motion is too great to allow many stable nuclei 


390 4(0 430 450 470 490 

r/K 

FIGURE 4. 

Growth rate of sirfveruLitic crystals of iso tactic 
Bolystyrene as a function of tenperature . 
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to fonif whilo noar Tg th« nolt !• so viscous tb«t siolscu- 
Isr notion is sxtrnsly slow. As ths tsmpsrsture drops from 
Tn# ths nslt viscosity, which is s function of the nolsr 
nsssf increases and the diffusion rate decreases thereby 
giving the chains greater opportunity to rearrange then- 
selves to fom a nucleus. This means there will exist an 
optimum tesqperature of crystallization which depends large- 
ly on the interval to Tg and also on the molar mass of 
the sample. Empirically, it has been observed for most 
systems that rate of thermal crystallization is maximum at 
0.83 Tn*K. 


1.11.3 SOLVENT INDUCED CRYSTALLIZATION 

It is well known that the presence of a solvent can 
cause a depression of both T„ and Tg and that the degree of 
depression depends on the nature of the solvent and its 
coiig>atibility with the polymer. Several theories (241) 
have been put forward to explain the depression of Tg and 
Tq. In a crystallizable polymer the presence of a solvent 
(plasticizer) may depress Tg to a temperature such that 
mobility will be adequate to allow crystallization. Due to 
a greater depression in Tg and Tm the temperature range 
(Tg|-Tg) for crystallization widens, resulting in rapid 
crystallization at lower temperatures. Solvent induced 
crystallization differs from thermal crystallization in 
that the process takes place in the presence of another 
molecular species and at lower temperatures due to the 
depression of Tg. 
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1.12 TRIAD DISTRIBUTION IN CONDENSATION PODYMBRS 


1.12.1 INTRODUCTION 

The Molecular weight diatrlbutlon and the degree of 
polymerization are often sufficient to fully describe a 
linear homopolymer. However, they are inadequate to 
characterize a copolymer. Characterization of linear co- 
polymers also requires compositional information and 
prefereably knowledge of the microarchitecture of the co- 
polymer chains, with respect to compositional homogeneity 
and molecular weight distributions. Microarchitecture is 
not only important from the characterization point of view, 
but also because of its important role in determining ulti- 
mate properties. Prediction of Tg, the glass transition 
temperature, is sometimes possible. This is a very import- 
ant parameter in polymers since it represents a temperature 
(or temperature interval) where dramatic changes take place 
in polymer properties. One conventional method of predict- 
1*^9 Tg for a random copolymer values is by additive re- 
lationships such as the Pox equation (242). 


^/Tgp * Wj/Tgg + Wg/Tgb (45! 

Here Tgp is the Tg of a copolymer containing weight frac- 
tions Wn and W |3 of the two monomer units A and B for which 
the homopolymers have glass transitions of Tg^ and Tgb. 

The Pox and other similar relationships (Gordon, 
Taylor, Wood (243) do not take into consideration the 
effect of adjacent dissimilar monomer units on steric and 
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•ntrgetie relations In the copolyaar baekbona and astuiM 
that Craadoa of rotation and fraa voluaa oontributad to a 
oopolyaar by a given a»n«ier will be the ease ae it contri- 
butes to the hoaopolyner. 

As reported by Johnston (244-6)# to accurately predict 
the glass- transit ion tei^erature of many copolymers it is 
necessary to take into consideration the sequence distri- 
bution of the copolymer. Homopolymer Tg values usually 
hold for homo dyads AA because the A units experience much 
the same interactions as in A homopolymers. The formation 
of AB dyads results in new interactions and in many cases 
increases or decreases the Tg contribution of the A unit. 
Therefore to obtain more accurate Tg predictions# it is 
necessary to assign AB dyads and other sequence distribu- 
tions their own Tg values. 


1 Wa 

.MW m ■ ■ I 

^gP TgA 


Wab ^ 

TgAB 


wb 

Tab 


(46) 


Here Tgp is the Tg of a copolymer containing weight 
fractions and Wg and Wab* The weight fractions may be 
calculated from the monomer feed ratio and reactivity 
ratio. Figure 5 illustrates the experimental, sequence 
distribution predicted and Fox equation predicted values 
for methyl styrene/acrylonitrlte copolymer Tgg versus the 
weight % Ns in Ms/AN copolymer. Many copolymers are of 
interest in which the copolymer molecule consists of long 
blocks or runs of monomer units capable of participating in 
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9 l«s*y or cryttalllM doMint ••paratod by aoorphoua § 09 - 
•anta* Tha poaaibillty of cryatalllna doaaina acting aa 
pointa of phyaieal croaallnka can atmatlmaa produce novel 
thanaoplaatic alaatmieric propartlaa. Currant tranda in 
block and graft eopolymara atam directly fron thaaa af- 
fects. Tha laoat conaon way of describing tha aicroarchi- 
tactura of a copolyaar is by way of dyad or triad (addition 
of two or three units). This distribution of nmnoners in 
the final copolyner is greatly influenced by the relative 
aon(Mker reactivities and the nature of the reaction mechan- 
iaa itself. 

1.12.2 THEORY OF SEQUENCE DISTRIBUTION 

Lewis and Mayo (247) were the first to correlate the 
triad distribution to monomer reactivity in radical copoly- 
nerization. Later wor)cers (248) inqproved upon this treat- 
ment. The problem was addressed Kinetically (251), statis- 
tically as a Mar)cov chain (249) and also by Monte' Carlo 
simulation (250). By contrast, condensation polymers have 
an intrinsically different reaction mechanism of polymer 
chain extension as well as differences in the time scales 
of their formation. Xlso a matter of great importance is 
the variation in the reactivity of the second monomer func- 
tional groups (155). The reactions involved two comonomers 
and an intermonomer, with variable functional group re- 
activity of mon<Miers is schematically shown as followst 
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a-A-a ♦ c-C-c ♦ a-AC-a 


( 47 ) 


12 


a-A«a -»• C-C-- 


a"AC"-~ 


( 48 ) 


~-A-a ♦ c-C-c 


.21 


'-'^AC*c 


( 49 ) 




k“ 

*^A 




( 50 ) 


b-B-b ♦ c-C-c 


11 


b-BC-c 


( 51 ) 


b— B— b ♦ c— C— 




b— BC— 


( 52 ) 


-B-b + c-C-c 


21 


-- BC-c 


( 53 ) 




22 

'b 


'BC— 


( 54 ) 


Hera a-A-a and b-B-b are cononomer and c-C-c is the inter- 
aonoMr. -~A-« — B-and — C-are diners and oligomers. The 
reactivity of monomers differ very much from the other re- 
active species (dimrs and oligomers). The resulting 
reaction between molecules of all sises with each other can 
talce place throughout the polymerization. The rates of 
these reactions may be determined by their naturef that is 
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MonoMric or oligoMric and thoir rolotivo abundanco« Thla 
Mkos It hardtr to vliaallio and intultlvaly laaa obvioaa 
to pradlct tha triad diatribution. 

Only racantly hava a faw thaoratical calculations 
baan publlahad with ragarda to tha influanca of ralatlva 
raactlvltiaa of aon<MMra to thair final diatribution in tha 
copolyaMr* Baata (252) propoaad a alMg>la atatlatlcal 
approach to calculate tha typa of diatribution of monoaar 
unita in tha copol^Mr* aaauming conatant caactivitiaa in- 
dependant of aiaaa. Tha uae of the approach ia rather ra- 
atrictad bacauae of tha unrealiatic aaaumptiona. Nikonov 
at al. (253) took into account the variation of functional 
group reactivity and approached the problem kinetically via 
nuiierical analyaia. However# they calculated the macro 
coag>oaition of copolymer for varioua initial comonomer 
ratioa and extent of reaction, while taking inaufficient 
amounta of the intermonoMr. More recently# S. I. Kuchnrr. 
(254) derived aquationa for tha triad distribution. 
aimplify tha mathamatica ao aa to obtain analytical o r. 
tiona# ha reported the microheterogenity for various kine- 
tic ratioa of tha comoncmera# but Independent functional 
group ratea for the intermonomer and vice versa. He con- 
cluded that! 

(1) Pinal copolymer was always random irrespective of the 
relative rates of reaction of the comonomers. 




(2) Tha relative rates of comonomers only influenced at 
small extents of reactions. 


73 



!••• p !••• than 0.7S. Although thia la tha «oat datailad 
work so far it still It not a raallatio nodal to actual 
oondansation polynarltation and furthar studiad should ba 
parforaad. 



CHAPTER II 


MATERIALS AKD METHODS 

2.1 GENERAL ASPECTS OF CONDENSATION POLYMERIZATION 

In step growth polymerization a linear chain of mono** 
mer residues is obtaind by the stepwise condensation or 
addition of reactive groups in bifunctional monomers. W. 

H. Carothersr the pioneer of step-growth reactions proposed 
a single equation relating Dp the degree of polymerization 
or number average chain length to a quantity P describing 
the extent of the reaction. 

Dp = 1/a-P) (56) 

The Carothers equation is particularly enlightening 
when we examine the numerical relation between Dp and p; 
thus for p = 0.95 (i.e. 95% conversion) Dp = 50 and when 
p * 0.99, then Dp = 110. The control of the molar mass (or 
molecular weight) of the product is obviously very 
important. Very high molar mass material may be too 
difficult to process while low molecular weight polymer may 
not exhibit the properties desired in the end product. 

Thus one must be able to stop the reaction at the required 
value of P. Often it is possible to effect control by 
rapidly cooling the reaction at the appropriate stage or by 
adding calculat'jd quantities of monofunctional materials. 
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Most ussfully, a precissly contcollsd stoiohioMtric 
Inbalance of the reactants in the mixture can provide the 
desired result. For exaiqplsr an excess of diamine over an 
acid chloride would eventually produce a polyamide with two 
amine end groups incapable of futher growth when the acid 
chloride is totally consumed. This can be expressed as an 
extension of the Carothers equation as. 

Dp - (1 + r) / (1 + r - 2rp) (57) 

where r is the ratio of the number of moleculec of the 
reactants. Thus for a quantitative reaction (p * 0.999) 
between N molecules of bisphenol and 1.05 N molecules of 
activated dihalide to form a poly(arylene ether). 

The value of r»Na/Nb » 1/1.05 = .952 and 
Dp- (1+0.952)/(1+0.952-2)(0.999){0.952) « 39 rather than 
1000 for r-1. The corresponding equation for a monofunc- 
^ional additive is similar to equation (37), only now r is 
defined as the ratio N 33 /(N|Qt)+ 2 Nb) where is the number 
of monofunctional molecules added. 

It is evident from the above examples that the 
reactions are particularly demanding with respect to the 
purity of the reagent thus accurate control of the amount 
of each species in the mixture is essential. The next 
section therefore deals with the purfication of the 
monomers, reagents and solvents used in the study. 




76 


PURiriCATIOH W MONOMERS 

2*2.1 BISPHIMOL^A 800RCB ( PolvttT grade* Onion Carbide 
Corp* or Dow Cheaical) 

Bapirieal Poraulat Cj^5Hxe02 
Molecular weight! 228 
ructurei 

APPARATUS! Two 2*>liter conical flasks* one 2'-liter beaker* 
two 6->inch diameter powder funnels* large fluted (folded) 
filter papers* two stirring bars* a Corning hot plate with 
magnetic field* carbon black, toluene and bisphenol-A. 
PROCEIHJRE: To a 2000 ml conical flask was added 800 ml of 

toluene and 200 gms of bisphenol-A and the mixture was 
stirred while heating on the hot plate. At the temperature 
of the mixture approached 100*C (boiling point) bisphenol»A 
began to dissolve (Note 1). At the boiling point (110*C- 
112*C) about 150 mis of toluene and 2 gms of activated 
charcoal were added (Note 2). The mixture was allowed to 
boil for about 2 minutes. In another 2000 ml conical flask 
50 mis toluene was heated (Note 3). A large powder funnel 
with the fluted filter paper was placed in the flask. As 
soon as the toluene started refluxing* the bisphenol-A 
solution was filtered in about 50 ml portions. The filtra- 
tion was complete in about 10 minutes. The clear solution 
was transferred into a large beaker* which was kept in a 
water bath. The solution was rapidly cooled under constant 
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Stirring. About t%«o hours Inter the crystals were filtered 
and dried under reduced pressure (water aspirator). The 
crystals were then dried in an oven at 75*C for 12 hours 
(Note 4 ) cooled, powdered very well and dried again for 12 
hours at 80>90*C (Yield 90%). M.P.152*C. 

NOTES. 

(1) Bisphenol-A is not very soluble in toluene at room 
temperature. 

(2) the solution is near saturation under these condi- 
tions. The addition of 150 mis toluene not only 
dilutes the solution but also saves much time in 
filtration without much loss in yield. 

(3) The use of large powder funnel in place of the liquid 
funnel greatly speeds up the filtration process. 

(4) This is particularly important as otherwise a 
substantial amounts of toluene (0.5%) is trapped in 
the crystals. 

The above procedure is especially important in the purifi- 
cation of dichlorodiphenylsulfone. 

2,2.2 HYRDOQUINONE 
Source (Eastman Kodak) 

Empirical Formula: C^Hg02 

Structure: 



1/4. benzene diol 
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The purification of commerical grade hydroquinone was 
carried out in two steps. First it wns recrystallised from 
deoxygenated water and then it was prefereably sublimed 
under reduced pressure (Note 5). 'Hie final product was 
white in color and had a very sharp melting point. 
Experimental details are given below: 

RECRYSTALLIZATION OF HYDROQUINONE (Eastman Kodak) 

MATERIALS. One liter conical flask, one liter beaker, 
stirring bar, hot plate with magnetic field, decolorizing 
charcoal, distilled water, nitrogen and hydroquinone, 
powder funnel and fluted filter paper. 

PROCEDURE. In a one liter concial flask with stirrer bar, 
600 mis of distilled water is added and heated to boil for 
at least a minute. It is then cooled slowly under a nitro- 
gen atmosphere. This step is repeated twice. Commercial 
hydroquinone (125 gms) is added to the above deoxygeneated 
water. This mixture is slowly heated while stirring con- 
tinuously under a nitrogen atmosphere. When the hydroqui- 
none completely dissoves, 1.0 gms of decolorizing carbon is 
added carefully, boiled for 5 minutes and filtered into a 
one liter beaker using a fluted filter paper. The solution 
was allowed to cool to room temperature overnight under 
nitrogen atmosphere. The mixture containing the crystals 
was filtered in a buchner funnel using a water aspirator. 
The filtrate was washed twice with 75 mis of cold deoxygen- 
ated water and allowed to dry. The crystals were then 
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transferred to a large aluminium pan and dried at 60*C. 
Yield ■ 85-88 gma* of off-white needles^ N.P. 172-173*C. 

SUBLIMATION OF RECRYSTALLIZBD HYDROQUINONE 

A specially made sublimator with a 4 inch I.D. was 
used. It had a capacity to distill about 30 gms of 
hydroquinone per batch. Experimental procedure for the 
sublimation is given below. 

25 gms of recrystallized hydroquinone was spread 
uniformly at the bottom of the sublimator. The cold finger 
trap was cooled with an acetone-dry ice mixture. The 
sublimator was heated in an oil bath (120*C) under reduced 
pressure (less than 5 mm mercury) (Note 6)^ for at least 
four hours or until most of the hydroquinone sublimed. 

Then it was cooled to room temperature under reduced 
pressure. A yield of 15-20 gms of very pure hydroquinone 
was obtained. The unsublimed or leftover hydroquinone 
could be reused in the next batch (Note 7). 

NOTES: 

(5) It is in^ortant to recrystallise before sublimination. 
Otherwise, the sublimate has a bluish-pink tint. 

(6) Lower reduced pressure or high temperatures melts the 
hydroquinone and thus sublimation is not effective. 

(7) l^e recycled yield is about 90% and recycling can be 
done two or three times. If repeated more often the 
product is brown in color presumably due to oxidation 
and has a lower melting point than the reccystallized 
starting material. 
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2.2.3 BI8«T MQHOMBR 

Sourcti Crown Zellorbach Corp. 
Bapirical Pormulat C 12 H 10 SO 2 
Nolacular Haight t 218 
Structural 



4,4' Thiodiphenol 


MATERIALS. The same as used for bisphenol-A 

PROCEDURE. To a 2000 ml conical flask was added 300 mis of 
methanol and about 125 gms of bis-T and the mixture was 
stirred and heated on a hot plate. To the hot solution was 
added 250-300 mis water in 25 ml increments. The addition 
of water was stopped when the solution remained turbid on 
heating. Then just enough methanol was added to clarify. 

To this solution was added 2.5 gms of activated charcoal, 
followed by boiling for 2-5 minutes and filtering hot into 
another large conical flask with fluted filter paper and a 
powder funnel. The filtration was complete in about 10 
minutes. The clear solution was allowed to crystallize 
overnight, filtered and dried under reduced pressure. The 
crystals were dried in an oven at 75*C for 12 hours, 
cooled, powdered very well and dried again for 12 hours at 
80-90*C. Yield 100-110 gms. M.P. 154*C. 


OHiGINAL PAGE Jk 
OP POOR QUAim 
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2.2.4 BI8-8 

8ourc«t Crown Zellorbach Corp. 

Empirical Forumula; C]^2 Hiq 804 
Molecular Haightt 250 
8tructures 

SO 2 -0-" 

4.4'- sulfonyldiphenol 

MATERIALS. One liter beaker, two 2-llter conical flasks, 
two powder funnels, stirrer stirring bars, hot plate with 
magnetic field and buchner funnels. 

PROCEDURE. To the one liter beaker was added 500 mis of a 
5% NaHC 03 solution and 50 gms of bis~S. The mixture was 
boiled to dissolve the bisphenol and was filtered hot. 
Concentrated HCl was added to bring the pH to 5. The 
precipitated monomer was filtered as dry as possible and 
dissolved in 250 mmls of 50% aqueous methanol. Next 2 gms 
of activated charcoal were added. After filtration, the 
mother liquor was cooled and crystallization was induced by 
scratching the beaker with a glass rod. After 4-5 hours it 
was cooled further in an ice bath, filtered, washed twice 
with 25 mis ice cold water and dried at 100*C under reduced 
pressure for 24 hours. Yield (80%). N.P. 247*C. 
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2.2.5 DICHL0R0DIPHBNY1.8ULP0HB 
8ouro«t Union Carbide 
Bapirioel Pomulat CX 2 H 88 O 2 CI 2 
Molecular Weights 287 
Structures __ 

APPARATUS. Two 2-liter concial £laakSf one 2-liter beaker^ 
two 6-inch diameter powder funnelSf large fluted (folded) 
filter papers, two magnetic stirring bars and a Corning 
magnetic hot plate. 

PROCEDURE. To a 200 ml conical flask was added 800 ml of 
toluene and 500 gms of dichlorodiphenylsulfone which was 
stirred and heated over a hot plate. Dichlorodiphenylsul- 
fone dissolved as the teiqperature of the mixture approached 
110*C. About 2 gms of charcoal was added and boiled for 
about two minutes. In another 2 liter cooncial flask SO ml 
of toluene was heated. A large powder funnel wiwh the 
fluted filter paper was placed at the tope of the flask. 

As soon as the toluene started refluxing, about 15 ml 
portions of the solution was filtered. The filtration was 
cosqplete in about 30 minutes. The clear solution was 
transferred into a large beaker and rapidly cooled while 
constantly stirring. After about 6 hours the saturated 
solution was farther cooled by placing in an ice bath for 
about an hour. This was later filtered and dried by a 
water aspirator and further dried in an oven at 75*C for 
about 12 hours. The complete process was repeated twice. 
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Charcoal «raa not uaad in raerystalliiatlon* Tha cryatals 
wara finaly powdarad and furthar driad at 100*C^ undar 
raducad praaaura* Th% crystals wara finaly powdarad, driad 
in vacuum ovan for savaral hours at 60*C than savaral hours 
at 100*C and finally at 120*C for at laast 6 hours. The 
powdar was coolad undar raducad prassura bafora usa. 

Yiald ■ 56% (aftar 3 crystallizations). 

2.2.6 SYNTHESIS AND PURIFICATION OF 4,4' 
DIFULORODIPHENYLSULFONE 
REACTION. 

C1-0-SO.-0-CX -£^^,.^302-0-, ,58, 

MATERIALS. Ona liter four nackad round bottomed flask, 
stirrer, reflux condenser, thermometer, powder funnel, 
blender, buchnar funnel and a mini vacuum distillation set 
up. 

PROCEDURE. Anhydrous KF was driad for 24 hours in a vacuum 
ovan at 100*C, then powdarad finely in a blender to a 
particle size less than 350 mesh. It was further vacuum 
dried for about 10 hours and 200 g (3.5 moles) were added 
into the reaction assembly which contained 500 mis of 
purified sulfolane. The mixture was thoroughly stirred 
until a vary fine dispersion was obtained. To this was 
added crude DCDPS (0.13 moles, 50 gms.). A slow stream of 
nitrogen was maintained during the subsequent heating. The 
mixture was refluxed for about 20 hours. The flask was 
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cool«d and th« contants pourad into 1000 ml watar undar 
vlgoroua atirrlng. *rha praclpitatad powdar waa waahad with 
watar and drlad at 60*C for 2 hours and than vacuum 
distillad at (S Torr) • Tha main fraction was collactad 
saparataly and racrystalllsad fr<m toluana* N.P. 98*C. 
Ylald (781). 

2.2.7 POTASSIUM CARBONATE (ANHYDROUS) 

Anhydrous potassium carbonate (Baker Chemicals 
Analytical Grade) was granular and had about 1% moisture. 
Tha following procedure was used to reduce the particle 
size and moisture content. 

TREATMENT. About 40 gms of anhydrous potassium carbonate 
was finely powdered using a mortar and pestle. ITie 
powdered K 2 CO 3 was kept In a drying oven at 120*C for 12 
hours » repowdered In a Waring blender for about half an 
hour and passed through a standard sieve. Particle sizes 
less than 350 mesh were transferred into a large subllmator 
unit and heated to 100*C under reduced pressure (5 Torr) 
for at least 24 hours. The base was cooled under reduced 
pressure before use. 

ANALYSIS. A required amount of sample was dissolved in 250 
ml of "carbon dioxide free" distilled water to give 
approximately 0.05 N solution. This solution (SO m’ ) was 
potentiometrically titrated using a calibrated pH meter 
(Orion 601A) in conjunction with a glass electrode (Thomas, 
No 4092-/15) and a calomel reference electrode (Thomas, 
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No 4090-B 15) • A plot of pH against voluaa of tltrant 
givea tha aquivalant point. A typical plot ia show in 
Figure $• 

An altarnata method en^loying a back titration was 
also performed as follows. To the SO ml sample solution 
was added 25 ml of 0.1 N HCl (solution should be acidic). 
The resulting solution was boiled for 3-5 minutes to remove 
carbon dioxide# cooled and the excess acid titrated against 
standard base to {41 (note 8). The purity of the saiiq>le was 
found to be comparable to that found by the potentiometric 
titration method (note 8). Boiling and cooling the solu- 
tion while passing nitrogen ensures reporducible values. 
This method is easier and faster than the potentiometric 
method but gives only the total base. 

2.3 PURIFICATION OF SOLVENTS 

Poly(arylene ether sulfones) are synthesized by the 
reaction of bisphenates with dihalides in a dipolar aprotic 
solvent# under anhydrous conditions. These solvents are 
hydroscopic high boiling and usually sensitive to alkali# 
especially at high tei^eratures. 'nie solvents used in the 
study were N#N'-dimethylacetamide (ONAO# N-methylpyroli- 
done (NMP) and sulfolane. Methods for their purification 
are given. All the solvents were distilled in the appara- 
tus assembly shown in Figure 7 and stored under nitrogen 
and over pretreated molecular sieves. 



IGURE 6 . POTENT ICMETRIC TITRATION CURVE OF POTASSIUM CARBONATE WITH O.IN HCL 
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2.3.1 TREATMENT OP MOLECULAR SIEVES 


About 2S gns of nolecular tiovos (4 A) more placed in 
a two necked round bottomed flask and heated under reduced 
pressure (5 Torr) to 50*C. in doing so, the moisture 
absorbed by the sieves condensed on the cooler sides of the 
round bottom flasks. On heating for about 12 to 14 hours, 
the M>lecular sieves were essentially dry. They tmre next 
cooled under reduced pressure and finally stored under dry 
nitrogen, ^ese pre->treated molecular sieves were used to 
store the solvents dry. 


2.3.2 N.N* DIMETHYLACETAMIDE 


Source: Eastman Kodak 

Molecular weight: 89 


Structure: 


CH3COM 


500 ml of DMAC was stirred over phosphorous pentoxide for 
24 hours and distilled under reduced pressure in a nitrogen 
atmosphere. The constant boiling fraction (80>82*C at 20 
Torr) was collected at reflux ratio of 1:1 and stored under 
nitrogen. 






2.3.3 SOLFOLAHE 

Source t Technical grade# Phillips Petroleoa Co. 

Bi^irical Pomulat C 4 H 3 SO 2 
Molecular weighti 120 
Structure: 

H2C CH2 

HoC CHo 

\/ 

s 

/\ 

o o 

Sulfolane was usually a solid at room temperature and was 
normally heated to first melt the material. To liquid 
sulfolane (500 ml) was added 5 gms carbon and 15 gms hiflo 
(filter aid from John Mansvllle Co.) followed by 
filtration. The filtrate was stirred overnight over sodium 
hydroxide pellets. The solvent was vacuum distilled from a 
3-nec)ced round bottomed flask fitted with a 6 inch high 
Vigreux column. The middle fraction was collected under a 
reduced pressure of nitrogen at 130*C. The whole process 
was repeated until the solvent showed a positive test for 
purity. (\ ml of sulfolane with 1 ml of 100% sulfuric acid 
should remain colorless for at least 5 minutes) (272). 
Normally two distillations are sufficient to have a polymer 
grade solvent. 
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2.3.4 H ^MBTHYLPYROLIDONE 

Sourcet Pi 8 h«r ChMlcala for GAP Oorp. 

Bapirleal Poraulat C 5 H 9 NO 

Nolacular waightt 99.13 

Structural 


Hoc CHo 

I I 

“2C C<. 

\ / 'o 

N 

I 

CH 3 

N-nethyl pyrolldone was stirred over calcium hydride 
for 24 hours. It was distilled under nitrogen at reduced 
pressure and stored over molecular sieves. 


2.3.5 TOLUENE 


Sourcet Fisher Chemicals 
Empirical Formula: CyHg 

Molecular weight: 92 

Structure: 
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Toluene was used as an azeotroping solvent and was 
stirred over calcium hydride for 24 hours and distilled in 
a nitrogen atmosphere. The middle constant boiling 
fraction was stored under nitrogen over pretreated 
molecular sieves. 


a 

i] 

.1 

II 

II 
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2.4 STUDY OP DHAC/TOfcOgME ASgOTSOPE 

A tbr«« fittcked 250 ml round bottomed flask fitted with 
thentpmeter> stirring bar, a Vigreux column and a cold 
finger with adjustable reflux return capabilities for 
vacuum and inert atmosphere (as shown in the figure) was 
used. To this apparatus was added 50 ml of ONAC and 50 ml 
of toluene and the mixture was heated to equilibrate the 
two liquids. ‘Rte tei^perature in the reaction still and the 
vapors near the condenser was noted and about 6.3 ml of the 
condensate were removed, while continuing heating. Ihe 
system was allowed to equilibrate to the new condition. 
Again the temperature was noted and the condensate was 
collected. This was repeated until about 75% of the azeo- 
trope was collected. The san^les were analysed by gas 
liquid chromatography using a GCW-NAc instrument fitted 
with a column of 15% DC-200 on chromosorb-P for separation. 
Flow rate of the carrier gas (He) was 40 ml/minute and a 
column tenqperature of ISO^C gave rapid resolution of 
toluene and IMAC. The number of theoretical plates per 
column under these experimental condition were calculated 
to be about 1600 plates/column. Quantitative analysis was 
done by measuring the area under the curves. The conden- 
sate and reaction still con^ositions were plotted against 
the respective ten^eratures. 


2.S 8VimiE3I8 OP POLt^J>OIIB y 

polspMrsHift synthMislMi ttiietlnf 

4»4*-dichlor^ij^«iiylialf^« with on« br^MiNi 
Th« fiinctionallty and aoieeuiar wtight df thd ollgMwri^ 
W9t% conti^llid tha idlar ratio di the ndir^^ K' -^ 
typical aynthaiia Cor so 8aa oC a^^SOOO <M{|> a^laedlar!^^ ^ 
waight hj^roxy taminatad bisj^anol^A polysuiCona iayi 
daacribad*' 


2.5.1 BI8»A POLYSOIiPOWE 
REACTION 




<0w0>-“>« 


-o-i + 

n 


KCl 


(59) 


CALCULATION 


for tha oligoxter to have a final nolacular waight <Nn> 
of 5000 the iwjst bet 


Dp - (5000-228)7462 « 4772/462 « 10.32 


Th« ratio of tha two nononarat 

r ■ * 1/Dp •¥ I » 9.2S/11.25 ■ 0*88 

As hydroxy tarminatad polymar Is raquirad, bisphanol-A is 
takan in tha largar nolar ratio* 

APPARATUS. Ona 500 nl four nackad round bottomd flask 
aquippad with a stirrar^ tharmomater# daan stark trap and 
condansarf nitrogan disparsion tuba oil bath and hot plate 
(saa Figure 8). 

PROCEDURE* ^a reaction assembly is purged with nitrogen* 
then 150 ml of N*M'*dimethylacetamide (freshly purified) is 
added along with accurately weight bisphenol-A (22*8 g* 0*1 
mole) and DCDPS (25.31 g* 0*099 m). The aluminium weighing 
pans and powder funnel are rinsed with 75 ml toluene. H)e 
reaction mixture is stirred vigorously with a constant 
purge of nitrogen and heated to reflux. It is maintained 
at reflux until no more water droplets from the water of 
reaction are observed* Toluene is removed continuously 
from the trap until the temperature rises to about 155*C. 
The reaction mixture appears lightly colored and is main- 
tained at this tei^erature for nearly 10-12 hours. At this 
time the reaction is assumed to be complete. The reaction 
mixture is cooled to about 100*C and about 75 ml of chloro- 
benzene is added to dilute the solution and precipitate the 
inorganic salts. The mixture is filtered through a medium 
pore size sintered glass funnel. *^e filtrate is neutral- 
ized with acetic acid. The clear neutralized solution (in 
25 ml portions) is coagulated in a blender containing 




emtbining 2S0 of lil oM MthJinol. fho 

proeipitato it Cilttrtd and wathad with liathanoiib Watav 
and finally with wator* Nakt it was bollad in diatillad 
watar for’ 1 ho^i: to ratio va any trappad taltlr filtarad and 
driad in a vaeuuMi ovan at lon*C* fiald Wha > 90t« Othar 


bitphanol-h oligonbri wara aiallarly praparad utihf 
oaleuiatad ratios of bitphanol and diohlorodiphanyi 
tttlfona* 


2.S.2 BIS-T POLYSOLPOtIB 
STOOCTURBi 





O'* 


n 


Tha bia-T oligOTor (10*000 nol. wt. ) was prepared using 
calculated aaounts of the required raonomers. fnie synthesis 
Is given belowt 
RBACTlONt 

To a similar set up as used for bis-A polysulfone was 
added bis-T (60 gm* 0.275 moles)* 200 ml DMAC and 130 ml 
toluene. This was purged well with nitrogen for half an 
hour and heated to 100*C* for about 15 minutes. The 
reaction mixture was cooled to 60*C* potassium carbonate 
(75 gas 0.55 moles) was added and heated to 110*C. At this 
temperature the water/toluene azeotrope started distilling. 
The distillate was intermittently collected until the 
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rtaetion rpa^pd 

oalealappd aiM>pAt of dlaaql^^ in, 7^^ i|| pf 

waa addad* fha raaetion alxtara tumad brown in color* 

Mora aiaotr^ waa ^llaotad, and jtba tfiMpajatnra mebad 

i, f ■■ ',f : ? :.a. ,P . ,k J -, ■= • * w ..i- V , r..J -fl 

155*C. fba raaetion aixttttf was Mlntain^ at thia . 
tanparatura for 12 hours and than coolad to 40*C* fha 
stirrlnf was st^pad and tha raaetion nixtura was allowad 
to sattla down, lha supamatant layar was daeantad and as 
nttoh of tha polynar was axtractad thrica with Mthylana 
chlorlda. tha voluna of tha liquid af tar dilution with 
■athylana chloride was SOOcc. nta filtrate was acidified 
with acetic acid* coagulated in aqueous iMthanol (lil)f 
filtered* washed with water and dried on a water aspirator 
for about 2 to 4 hours. This partially dired powder was 
transferred into a 3 liter beaker with 1.5 liters distilled 
water and boiled for 1 hour* cooled* filtered and dried in 
vacuun at 100*C for 24 hours (Yield • 108 gas). 

2.5.3 BI8«S POLYSULYONE 
STRUCTURE 





The bis-S polysulfone oligoners were generally prepared 
fron 4*4'-dif luorodiphenylsulfone and 4*4*-sul£onyldiphenol 
as shown be low t 
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Th* bls-8 oli9<MMr w«i also synthaslsad froa dlchloro^l 
phsi^lsttlf<Mna and bls-8 in aulfolana at 210*C for 8-10 
h<Mirs* Vatrachloroathana was used as a diluant* 


POLYSULPONE 


Tha hydroquinona polysulfona was praparad In both N- 
Mthyl pyrolldona as wall as sulfolane at lower concantra 
tions and had to be filtered hot to prevent crystallisa- 
tion. Tha reaction schaae is shown below, followed by a 
typical experisental procedure using sulfolane. 


REACTION 




* Cl 




sulfolane 

toluene 


K2CO3 





9 % 


i 1 



niOCIOUili* 8u2,fol«ii« (100 nl) and tola«n« (OS Ml) w«r« 
«dd«d to th« ro«etl<m v«m« 1 and haat^ to 80*C aikl than 
eoolad undar a nitrogan atno&phara (Nota 1). Bydroquinona 
(5»S0S5 0*05 nolaa) dlchlorodiphanylaulfona (14.305 g* 

O.SS Mias) and potaaalun carbonata (15.16 g« .011 nolaa) 
%fara addad (Mota 2). Tha walghlng pans wara rinsad «rith 
toluana. nia MsetiOn aixtura tarnad yalloa in color. Tha 
tanparatura was slowly raisad to kaap tha systan rafluxing. 
Cara was takan to kaap tha stqppars and tha nack of tha re- 
action vassal warn by using a hast gun (Nota 3). This was 
iaportant to Maintain an anhydrous condition in tha systan. 
Enough toluana was distilled to raise the taa^ratura to 
180*C. It was Maintained at this tenq^erature fo 6 hours. 
Heating and stirring ware stopped to let the inorganic 
salts to settle (Note 4). The super-natant liquid was 
filtered hot (1S0*C). The polynar in the residue was ex- 
tracted with a hot mixture of DNACt Sulfolane (lt2). ^e 
filtarata (450 ml) was neutralised with acetic acid, ^e 
color of tha solution changed from brown to light yellow. 
Tha filtrate was transferred into a round bottomed flask 
and kept hot in a heating mantle (130-140*C)« The solution 
in 50 ml portions were coagulated in aqueous methanol, 
filtered and washed with aqueous methanol and finally with 
water. It was later boiled in distilled water for about I 
hour and filtered. The product was dried in a vacuum oven 
at 100*C for 12-24 hours (Yield - 14.5 gms, 904). 
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(1) fbis trotiMnt •nsur«« « b«tt«r Ciftil product In terns 
of color. 

(2) AlthoiHlb phsaoxids eould bt prs-forasd before the 
•dditlM of OCDPSf the in situ Method ess preferred so 
•s to Minimise the totsl bese cutset time with the 
sol^nt. 

(3) As the polsfSMr crystallises out of ttM reacti<Mi 
aisture at high concent rat i<m (25% and above) » More 
dilute reaction conditions were used. This equates to 
a much lesser amount of water aseotrqpef aikl therefore 
estreme caution was taken to estract all the water. 

(4) Stopping the stirrer to let the inorganic salts settle 
results is a much faster and cleaner way of filtering 
the hot reaction misture. 

(5) The concentration of the polymer soluti^ before 
coagulating was less than 5%. This ensured a better 
form of the polymer for drying. 

2.4 snmiisis OF polysolpome copolymers 

Random copolysMrs of hydroquin<Mte (fk|) and bisphenol-A 
were synthesised varying the molar ratios of the two 
bist^enols. The molar ratio of total phenol to diehloride 
varied from lsO.98-1 so that the resulting c^»ol^Mr was 
hydrosy terminated, a typical experimental procedure of 
75% Rq/Bis-A PSP is given belowt 
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MUCTXOII 



paOCIDOItl. DNAC (150 «1), bU-A (ll 9 » 0.05 »oUs), hydro- 
qttinoiM (15.5» 0.15 nolbs)* 0CDP8 (57.2 9 , 0.2 iioUs) and 
t’^liMM (150 * 1 ) wtrb aM«d in th« «bov« ordnr to tho r«- 
action votcol ai^ haatad to 100*C. It aaa aaintalnad at 
100*C for half an hour and than coolad to 40*C. Potaaslun 
earbwuita (30 gaa) %*aa aiMad to tha react 1 m alxtur^. The 
\ taiq>arature waa gradually incraaaad to 130*C« at which tiae 

the reaction aixtura started ataot roping. The side necks 
of tha raactiM vassal were constantly heated with a heat 
gun to raaove tha condensate. This was done until no sore 
water distilled. At this point the ten^rature was raised 
to 150-155*C by removing additional aseotrope* The re- 
action was Maintained at 150*C for 10 hours# then cooled to 
120*C and filtered hot through a glass frit. On acidify- 
ing# the filtrate developed a nuch lighter color. Xt was 
coagulated in aqueous methanol# filtered# washed and boiled 
in water for 2 hours* The polymer was filtered and dried 
in a vacuum oven overnight (Yield • 77 qms). 
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2.7 POLYCARBOHATg OLIOOitBRS 

Hydroxyl tomliiated bltphonol-A polycartenato 0 II 90 - 
aart irara praparad by tha wall daaorlbad iolatibn or Intar- 
facial taehniquas ( 273-5) • Nathylana ehlorlda and tatra- 
atbyl aaoKm lea ehlorlda sarvad aa tha aolvant and phase 
tranaf air catalyst raspactlaaly. 

2.8 POLYSOLFONE-POLYCARBOliATE BLOCK COPOLYMERS 

Hia block copolyaers ware synthesised interfacially 
using the same procedure briefly described abovef and in 
tha lltarature for the polycarbonate oligomers. Bisphenol- 

A polycarbonate oligomers were soluble in methylene chlor- 

\ 

ide and were block copolymerised by slowly introducing 
phosgene* However^ in the ^ase of copolymerizations using 
bis-S polysulfone oligomers» It was necessary to use tetra- 
chloroethane as the organic solvent. A typical synthesis 
of a 5000/5000 bls-S polysul€one/bis-A polycarbonate co- 
polymer via "interfacial” polymerization is described be- 
low. 

Bis-S-polysulfone oligomer (5.0 g M^-SSOO by titra- 
tion) and bis-A polycarbonate oligomer (5.0 g, -5000 by 
UV) were dissolved in 300 ml of tetrachloroethane in a 
hood. The solution was somewhat hazy even at these concen- 
trations. Separately# 0.2 gms of sodium hydroxide and 2.0 
gms of tetraethyl ammonium chloride were dissolved in 120 
ml of distilled water. The oligomer solutions and the 
aqueous solutions were combined in a Waring blender. The 
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bl«fid«r was CittaO with m phosgana inlet* h eoiri>ination pB 
alaetrodhi caMoaetad to a digital natae (Orion €01) was 
used to apnitor pH dur’ing the pol 3 fMrisati<Hi* The two 
la]|«r8 %Mra rapidly Mixed and [^Mogana addition waa 
started* A reaction tiaa o£ 30 ainutas was ttsad« although 
high aolacular weight could be achieved at considerably 
shorter tines the was maintained at about 8.8 via 
addition of 20% sodium hydroxide solution from a buret. 
After the phosgene flow was stopped, the reaction product 
was placed in a separation funnel for 30 minutes. An 
organic phase and a foas^ aqueous layer separated. The two 
phases were precipitated separately in isopropyl alcohol* 
The two precipitates were dried for 24 hours at 120*C under 
an aspirator vacuum. Total weight of the copolymers was 
9.92 giRB. 
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2.9 PERFECTLY ALTERNATING POLYSOLFONE-POLYCARBONATE 
COPOLYMER 

The synthesis of a perfectly alternating polymer 
involved the synthesis of the monomer structure given 
below t 




followed by phosgenating the latter under analogous 
interfacial conditions to yield the polymer. 
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2.10 KIMBTtC STUDIES 

A fiv« necked 1000 ml round bottommd flask mas 
squippsd mlth a stlrrar# nitrogsn Inlet sparge tube* ther- 
mometer t dean stark trap* mater condenser mlth moisture 
trapt a silicone oil bath mith magnetic stirring bar, ther- 
mometer and a magnetic hot plate. High purity bisphenol-A 
(5.14 g, 0.0225 mole) 250 ml N,N'-Oireethyl acetamide (DNAC) 
and 100 ml of toluene n^re initially added. The Dean Stark 
trap mas filled mith toluene (43-45 mis) by gently heating 
the above mixture. Ihe reactor mas continuously purged 
mith dry nitrogen and siomly heated to 130-140*C to remove 
residual moisture. The reaction mixture mas cooled to 
about 80*C and exactly 3.19 gms (.023 moles) of uniformly 
pomdered, dry, anhydrous potassium carbonate mas added un- 
der a constant purge of dry nitrogen. The reaction flask 
mas then reheated to 140*C under nitrogen and good stir- 
ring. It mas observed that the potassium carbonate parti- 
cles formed a very fine dispersion in contrast to the mono- 
mers which had dissolved immediately. Good stirring mas 
required to maintain a homogeneous dispersion. Ihe temp- 
erature mas maintained at 130-140*C for 2 hours or long 
enough until no mater distilled into the Dean Stark trap. 

Sufficient amount of solvent mas continuously 
distilled to increase the bath temperature to 150*C. Whon 
the tenqperature reached 150*C almost all of the mater had 
already been removed and a very fine suspension of 
bisphenol-A di potassium salt and/or excess potassium 
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earbonatt a^aarad. DlchlorodlphanylaulfMa (4*46 gpiSf 
0«022S aolaa) waa than dlasolvad In 35 al of dry I^C and 
IS ala toluana and waa haatad to 140<-150*C« lha toluana/ 
DNhC aixtura was continuously rafluxad in ordar to aaintain 
tha raacti<m taaparatura at 1S0*C ± l*c. The resulting 
total voluae was estiaated to he about 300 al. This figure 
was arrived at by astiaating a 10% voluae increase due to 
expansion froa ro<»i tax^perature to 150*C. This allcnred us 
to estiaate the alkali concentration as 0.15 equivalent/ 
liter. 

ANALYTICAL SAMPLES. 

5.0 al for analysis were withdrawn and esptied iaaedi- 
ately into a 125 ml beaker containing 0.1 N HCl in DHAC. 

The acid reacted immediately with the base thus arresting 
the reaction. The excess HCl was back titrated with 0.025 
N KOH in methanol using a pH meter. The first derivative 
plot of &E/&V vs. volume permitted the equivalence point to 
be measured. 

2.11 HYDROLYSIS STUDY 

It was of interest to study the possible hydrolytic 
side reactions of dichlorodiphenylsulfone due to an excess 
of anhydrous potassium carbonate and bicarbonate. The 
reaction was studied under conditions of polymerization by 
reacting DCDPS (2.786 gms, 0.01 mole) with potassium 
carbonate (1.38 gms* 0.01 mole) and bicarbonate (2 gms« 

0.02 moles) respectively. After five hours the reaction 
mixture was cooled to room tenq>erature and the product 


aaalyttd by thin laynr chroaatography (T*L.C*) c<»iparing 
agalnnt DCDPS and blsphanol-S. Tha 7.b»€. was davalopad 
using bansana/athjri aestata mixtura (7St2S) and showad no 
othar product than diehlorodiphanylsulfona. This was^^ 
furthar eonfiriMd by pouring tha reaction nixtura in watar* 
Piltaring and acidifying tha filtrata to 6 showed no 
product* Analogous traatMant of A%4'-diphanoxydiphanyl 
sulf <ma and high m>lacular weight nethoxy capped 
polysulfona showed no change in intrinsic viscosities. 


2.12 SYOTHESIS OP MODEL COMPOUMDS 
2.12.1 MONOCHLORODIPHENYLSULFOME 
Enqpirical Pormulat C]^2HiiS02Cl 
Molecular Weight: 252 

Structure: 

PROCEDURE. In a one liter flask, fitted with a stirrer, 
separatory funnel, drying tube, and therroometer, is placed 
350 gms (3 moles) of chlorosulfonic acid (Note 1). To it 
is slowly added with continuous stirring 1 mole of 
chlorobenzene, (Note 2), keeping the temperature between 20 
and 25*C by means of cold water. The HCl which is evolved 
is trapped in a hood. The addition requires 1 hour. When 
this is C(^lete the mixture is stirred for 1 hour and 
poured upon 600-700 gms of ice (Note 3). 100 ml of carbon 

tetrachloride is then added and the oil is separated as 
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toon «• posslbliF' (Ne^ 4} « « Tli« «qtt«oos l«y«r is shsksn 
#lth SO Ml Gi eivlim tstrachioriOs^ Vhs eonblnsd axtraots 
ars naxt waaKad with diluta sodiaa cart»onata aolotlon and 
tha bulk of tha carbon tatraohlorida is dlstillad undar at- 
aospharic prassura (NOta 5). Tha prassura is than raducad 
to 10 flsi. and tha chlor<^nsana sulfonylehlorida is col- 
lactad as a aiddla fraction, niis is dissolvad in 250 nl 
bansana in a round bottMiad flask and anhydrous aluainliuR 
ch lor ids is addad carefully* Constant stirring and bub- 
bling of nitrogen helps renove HCl from the vessel. After 
about an hour, 250 nl of cold water is added to the react- 
ion fr<m a dropping funnel. The reaction mixture separates 
into 2 layers and the aqueous layer is shaken with 50 cc 
bensene. Hie benzene from the combined extracts is removed 
by a rota-vap. The residue on double crystallizations from 
toluene yields a white product melting at 92*C. 

Notes. 

(1) If less than 50% excess of chlorosulfonic acid is 
taken the dichlorodiphenylsulfone is formed at the 
expense of chlorobenzene sulfonylchloride. 

(2) Chlorobenzene must be added to the acid (not vice 

versa) . 

(3) Although the sulfonylchloride forms a solid on the ice 
it was not possible to filter. 

(4) Long contact times of sulfonylchlorides with water 
hydrolizes it to the acid which can further catalyze 
the hydrolysis. 


2-w.a 

BipirUiU foiamiii. ■ Cissi^i- 


Molecular tfaightt 2i2$ 
0truetur«t 



MATERIALS. A alxtura of bis-A (13.4 gias) and anillnahydro- 
chloride (75 gas) was heated in a round bottomed glass fit- 
ted with a stirrerf condenser and dropping funnel, to 180*C 
and maintained at 180*C for half an hour. It was cooled to 
100*C and diluted with water. The solution was transferred 
to a beaker and treated with aqueous sodium carbonate to 
produce a basic solution (pH 9). Excess unreacted aniline 
was extracted with toluene. The aqueous layer was acidi- 
fied to a cdl 6f to precipitate the product. It was filter- 
ed, washed with cold water and dried. Crystallization from 
dioxane/water mixture produced a compound with a sharp 
BMlting product of 191*0.(276-277). 

Motes. 


(1) Various mole ratios of bis-A and aniline hydrochloride 
were studied. A mole ratio of It 3-4 seemed optimum. 

(2) nie experiment was carried out at 140*C, 180*C and 
210*C. At 140*C, the yield was less than 40% and at 
210*C, the diamino derivative was obtained. 

Similarly, a reaction time of half an hour was found 
sufficient. 


(3) 


( 4 ) 

pr«tsur« prova h9lptui^'^ ^ thii 
ph«nol obtalntd as a t^-prodi^« • 



2.12.3 M(»OPgBIIOXYOIPHBiiYI.SOlJQiiE 
m^irical Poraulai C],2Hl4H*^3 
Molecular weight* 310 
Structure* 



Reactions 





DMAC/K 2 C 03 

TOLUENE 




PROCEDURE. In a 250 ml round bottomed flask was added 
monochlorodiphenylsulfone (2*54 gms, 0.01 moles), phenol (1 
gm» 0.01 moles)) potassium carbonate (1.3 gms. Oo.Ol 
moles). DNAC (50 ml) and toluene (50 mis). The system was 
heated to 110*C and enough azeotrope was distilled to raise 
the tes^eratare to 145-150*C. It was maintained at this 
tenders ture for 6 hours, by which time the reaction was 
essentially coi^lete. The reaction mixture was concen- 
trated to 25 ml volume by collecting the distillate. This 
was coagulated in water, filtered, washed and dried. The 
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piraduot !««• M<nrystAllis«d fron toluM* 144*C)» yi«ld 
■ 90%* (C-0*C str«toh at 1245 or^^i Q>S«0 at ? 

3«13*4 ^^4* llIfHBII0am)lPHBli¥1.80Lf0IIB 
EapirleaL Fonntlat ^ 2491,3904 
Nolacttlar walghtt 402 
Structural 



Reaction: 



PROCEDURE. To a 250 ml three necked round bottomed flask# 
fitted with a condenser# Dean Stark trap# nitrogen inlet# a 
magnetic stirring bar and an oil bath was added DMAC 50 ml# 
toluene 50 mis# dichlorodiphenylsulfone (2.87 gms# 0.01 
moles)# phenol (2 gms# 0.02 moles)# and potassium carbon- 
ate. The mixture was first heated to 130*C and then to 
150*C and maintained for 2 and 6 hours# respectively. The 
reaction was checked by T.L.C. to demonstrate the absence 
of starting material. After 2 or more hours at 150*C it 




r';’ 110 ; 

^ tms oone«iitr«M dlstlllitiO oii lOo^iiiiVfY tbMi 

oool«d wnS ooiOttXiiM ^ wtim^ ~ 

£ilt«r«dt washed and dr lad. nia product was crystalllsad 
fros toluana. HP 13€*C and ylald 85« (154). X.R. (C-O-C 
stratch at 1245 en~3.| oaSN^ stratch at 1205 *1^20 iritManco of 
-OH; 13c shows 8 diffarant carbon anvircwwants. 

2.12.5 4.4* DI-P-JmitiOPHBIiOXYPIPaBliYLSULFOliE 

nq^irlcal Pomualat C 24 H 208 O 4 
Nolacular weight* 404 
Structural 

H 2 H- 

Raaction* 



DMAC Toluene 

K 2 CO 3 150»C 

-NH2 (69) 

Tasting of p-aslnophenol. A T.L.C. of 1% p-aainophenol 
on a silica gal plate was eluted In diethyl ether and 
developed in iodine as well as by diasotlsatlon and 
doupling with phenol. The T.L.C. showed a large spot at 
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0«$ rf (5%)* As tbt ti^urity rsMinsd unohangsd M diito- 
titatiofi It waa Infant to not hava an pnUlno group* Itia 
purity of p^aallb i^nblr^a oAloulaM to laaat 

95%. 

APMUkAffOS. Ona lot Ikl;^ toraa ; na^iii round bot t o tfl flaak# 
Daan Stark apparatua* totoamrrttoalMOMtar» aagnatle 
atirrar# nitrogan Inlat ato oil bato* . 

PROCBDoas* 10 tha rouikl tottoiMd flaak loia addad ONAC (50 
ml)t p^aalno pham>l (15.1 gas)# Ik:dps (21.5 gas, 0*075 
aolaa) and toluana (30 al). Ifia cca^nanta wara haatad to 
75*C with continuous purging with N2* It was aaintalnad at 
70-75*C for 5 alnutas and coolad to 50*C. Potaaslua carbo- 
nate (9.45 gas) was addad and haatad to asaotropa water, 
lha reaction was aaintalnad at 150*C for six hours* than 
coolad* vacuua filtered to raaova sodiua chloride and co- 
agulated into a solution containing 2% Na Co and 1% soldiua 
sulfite, fha diaaina was washed with 1% sodium sulfite 
dried and crystallised fr<MS butanol to yield a product with 
melting point of 192-l93*C (231). 

2.12.6 SEWIBIIB. 1.4-BI8 ( (4-PHBliOXYPgEIIYL) SULFOWB) 
Bn^irical Poraulat C30fl22S2<^ 

Molecular weights 542 
Structures 





•tMtiOAl 



OIttG 

*2003 


•OliMM 





AFPJyiMniS. Om thrM n«ek«d vomA bottoMd fiaskf Man 
Stark trap* eoi^<maar» aagnatie stirring bar ai^ oil bath. 
PROCBDOM* To tna flask was i^sd Monocblorodl^anyl 
sulfotts (NCOP8)(5.04 9 «# 0.02 aolss) > bydrogiiinons (1.1 
gas, 0.01 aolss), KgODj (1.4 gas, 0.01 aols), ONAC (30 al) 
and tolusns (30 al). Tbs raaetion was haatsd to rsflux 
(130*0 and was aaintainsd at rsflux for six hours. It was 
than eonesntratsd by distillation of tolusns and coagulatsd 
in aqusous asthaiK>l (2tl). Ths aixturs was filtsrsd undsr 
vacuua and drisd and rseyrstallissd fora tolusns to yisld a 
product aslting at 211*C, with a yisld • 90%. (l.R. 

C»o-C-Af 1242 or*l no 0-R groups wars c^ssrvsd). 


2.12.7 PROPAMB 2.2-BI8 ( 4-PBBinfL8(ILr0liB4 *-PBBil0XT 


lU 


Struotum 




RtaotlMt 




DNAC 

TOluttiM 


K2CO3 

140*C 


C71) 







PSOCBWRB. To a 100 «1 thraa nack round botton flask was 
addsd DNAC (50 «1)» tolusns (25 Ml)# Monochlorodi^snyl 
sulfons (5«09 gms# 0.02 moIs) # bis{^snol>k (2.28 gMs# 0.01 
Hols) and potassiuM carbonats (1.4 gas# 0.01 aols) • fhs 
aixturs was purgsd wall with nltrogan and haatad to 140*C. 
It was MSinialnad at 140*C until a saapla showad no rasi- 
dual starting aatarlal on a T.L.C. plats. Tha raaction was 
naarly cMipl<ite In about 8 hours at 140*C. It was cooled 
to rooM taaparatura and coagulated in aqueous Mthanol 
(2tl)# filtered under vacuiM# washed and dried. Recrystal- 
lisation froM toluene yielded 5.6 gas of product with a 
Melting point 188*C. (I.R. C-O-C-at 1445 cM*if 0 b8*O 

syaMstric stretch) . 


lU 


2«l2.t ATmOfn SYllTBtSIt OP P-F DICHLOHODIPBIinfL 


p-p* diehlorodidlph«iqrisulfoii« 1»4 dioq^b^nstnc* 
tiVlrleal Poraulat C3o>20d20(Cl2 
Nol«oyl«r Wtiphtt €11 
Structum 


Cl-^-802-^-O-^-O-^-SO2-<^h 

Mactiont 



-Cl 



Toluana 

150*C 


(72) 



PROCEDURE. To a 250 «1 thraa nack round bottoaad flask 
flttad with a Daan Stark trap* condansar, ate., was added 
diehlorodiphanyl sulfona (574 gas), hydroqulnone (II.O gas, 
MAC (150 al) and potasslua carbonata 14 gas). The 
raaction was haatad to 140'-150*C and aalntalnad until 
saapla showad tha abaanca of starting aatarlals on a T.L.C. 
Plata. At eoaplaiion of tha raaction it was cooled and 
coagulated in aquaous aathanol. Tha product was (iltared 
under reduced pressure, washed with water and dried. A 


T*L.C. of thl pr6du6t shoi^ it to bo a iixtyro Of 
eoap^i^i. Ibis was furthof subitthtiiitod by G.t.C* 
Changing tha nOla ratio of Hqr to ItS prodiicad liighar 

yialda of tha raquirad product but ranoval of tha starting 
natarial vis DCDPS was very difficult. 


2.12.9 ATTEMPTED SYMTHESIS OF 4-4 DICHLORODIPBEWYL 
SDLFONE 4, 4* -DIPHENYL 2,2 PROPANE 
Empirical Formula: ^39H3on206Cl2 

Molecular weight: 729 

Structure: 



Reaction: 





-OH 


Toluene 
I K2CO3 


(73) 




-S02 


-Cl 


PROCEDURE. To a 250 ml three neck round bottom flask was 
added dichlorodiphenylsulfone (57.4 gms, 0.2 moles) bis-A 
(22.8 gms, 0.1 mole), INIAC (150 ml), toluene (150 ml) and 
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potassiiM carbonate (14 gmi) after heating to 130*C to 
aceotrope the water froa the r*action« the temperature was 
raised to 150*C and maintained at the same tei^perature, 
until no starting aaterials could be observed on a T.L.C. 
plate. The product was cooled and coagulated in aqueous 
Mthanol, filtered under vacuun and dried. The product 
melted over a broad tesi>erature range # possibly due to the 
presence of other oligomers. Purification of the product 
by recrystallization was impractical. 

2.12.10 PREPARATION OP 4;;4 DI P-HYDROX YPHENOXYDI PHENYL 
SULFONE 

Empirical Formula: C 24 HX 8 SO 5 

Molecular weight: 458 

Structure: 



PROCEIHIRE. Into a 500 ml three neck flask was added (22 
gmSf 0.2 moles) of hydroquinone^ DMAC (150 ml) and toluene 
(100 mis). *nie reaction temperature was raised to 130*C 
and maintained at the same temperature, until no additional 
water azeotroped. To this was added through a dropping 
funnel DCOPS solution (28.7 gms in 50 ml toluene). The 
addition was coiqplete in six hours during which time the 
tei^erature was gradually raised to 150*C after addition of 
DCDPS solution. It was then cooled to room temperature, 
filtered, neutralized and coagulated in aqueous methanol. 
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the pr«cipit«t« was filtarad undar vacuim waahad wall with 
watar and dr lad. Crystallisation fr^ aquaous liethanol 
(lt9) yleldad a product melting at 193*C. 

Notes. 

The reaction was also performed using a higher mole 
ratio of hydroqulnone to dlchlorodlphenylsulfone. It was 
observed that the product obtained from a 5x1 mole ratio of 
hydroqulnonetdlchlorodiphenylsulfone in the ^ situ 
process was comparable to 2 tl In the performed phenoxlde 
and slow addition of dlchlorodlphenylsulfone. 


2.12.11 PREPARATION OF 4-4 DI (4 I SO- PROPYL I DENE PHENOL) 
PHENOXYDl’gHEll7L§DLFgRE 

Empirical Formula: ^ 24 ^ 18^05 

Molecular weight: 458 

Structure: 



Reaction: 



DMAC 



(75) 




ORIOINAL PAGE 1 
OPPOOROUAUn 





PROCBDORE* TO a thr«e neck 500 ml round bottom flask was 
added OMAC (ISO ml), toluene (100 ml), bis>A (46.2 gms, 0*2 
moles), K 2 <X >3 (28 gms, 0.2 moles), and heated to 130*C and 
maintained at this tea^perature until no more water azeo- 
troped. The teaqperature was raised to 150*C and a toluene 
solution of DCDPS (28.7 gms in 100 ml, 0.01 mole) was added 
dropwise over a period of six hours. After coRqpletion of 
this addition, the reaction was maintained at 150*C for two 
more hours. It was cooled to room tenqperature, filtered, 
acidified and coagulated in aqueous methanol (2tl). The 
precipitate was filtered under vacuum washed well with 
water and dried. Melting point 106*C. 

2.13 CHARACTERIZATION 

2.13.1 DILUTE SOLUTION VISCOMETRY 

The theory of dilute solution viscometry has been 
presented elsewhere (280) and will not be considered here. 
The intrinsic viscosity (nl of the oligomers, homo, random 
and block copolymers was determined in methylene chloride, 
THF or O-chlorophenol at 25*C of 30*C depending on the 
nature of the polymers. A typical experimental procedure 
is given. 

APPARATUS. One semi->micro dilution viscometer (Cannon 
Instrument Col) thermostatted water bath, nitrogen tank, 
polymer solution (20 gm/liter). 

PROCEDURE. Two ml of the solvent was added to the 
viscometer and allowed to equilibrate in the thermostatted 


b«th €or mt l4Mt tin MiiWti** Oting nltrogtn 
pMtium# thn iolvnnt was foread up tha viac<MMtar tuba 

. f ■ 

iintl?!/ tlA ilin rbiM idwva tba tt|^r liarir. icha aoXVant 
aaa than %lldiiad to drain through tha liarki undar gi^vlty 
and tha ttiw aXaps^ to past tha two narki Waa hotad t6 tha 
naaraat 0«1 aaoond. At least thria raadih^ within d. II 
wars taken and tha average value noted as the solvent flow 
tine T. Itext, two ml of the prepared saag>le is added to 
the solvent in tha vise<Metar such that the new 
concentration was af^roxinately lOg/liter. After 
equilibrating to teii^rature» the solution was forced 
through the visconeter and its flow tine determined* The 
sane procedure was ea^loyed for at least three other 
concentrations prepared by continuously diluting the 
Initial solution. 

CALCULATION, nie relative viscosity was taken as 

the ratio of solution flow time to solvent flow time 
(n-t/t^). The reduced viscosity (ngp ■ (n-l)/C) and the 
inherent viscosity (n^nj^ « in n/C), were calculated for 
each solution and plotted versus concentration. 
Extrapolation of both curves to z»;ro concentration provided 
the Intrinsic viscosity (n). Con^arison of the (n) values 
for a series of similar oligomers provided an approximate 
Idea of their relative molecular weights. 

2.13.2 MEMBRANE OSMOMETRY 

in membrane osmometry the <M(^> is calculated using the 
following equation: 
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Li«^(A/c) - RT/<Mn> 


wtMM A is the osoAtie pressuvt* *c” ths ooncsntratl<m« R 
is fchs fM constant and T is absolute tsi^caturs in 
ds^rsss Kelvin. The aenbrane osaoaeter (Wescon 231) was 
used for determining high molecular weight polymers 
(20*000-200,000# or higher). 

A series of four or more concentrations of the polymer 
under investigation (2-10 gi^liter) were prepared in 
chlorobenzene and carefully filtered to remove dust and 
other debris. An aliquot of solution was injected into the 
inlet tube of the osmometer and the level set to that 
established during the calibration steps. The change in 
pressure with time was followed direcly on a strip chart 
recorder until a constant pressure level was achieved. At 
least two points were obtained for each concentration. The 
results were plotted as A/c vs. C and extrapolated to zero 
concentration. Using equation (76) above, <Nn> was 
calculated. 


2.14.3 EHD GROUP ANALYSIS 

As the synthesized polymers were hydroxy terminated, a 
simple and rapid method to determine the absolute number 
average molecular weight was developed in our laboratory 
(309). The method involves the potentiometric titration of 
the end groups in a non-aqueous medium using tetrabutyl- 
ammonium hydroxide as titrant. 
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NATBR1AL8. A pB Mtit (Oriofi €01a) witit flAM and oaloiMl 
•laetrodaa (VhMat Ho.4092*fl5 and 2090 B-I5 raapactivaly)> 
••varal 40 wm titration vaaaala* a 2 ■! Gilaont nicroburat 
(ThoMia No.i996-B55} f stirring bar (4m«l0mi) puriflad DMAC 
and 1% solution of tstraethyl aMK>nium h^roxida in 
distillad watar. 

PROCEDURE. A saoqpla of hydroxyl terminated polysulfone was 
accurately weighed into titration Ifask and dissolved In 20 
ml DNAC with stirring, while dry carbon dioxide free, 
nitrogen was passed over the solution. After cos^lete 
dissolution of the polymer, the electrodes were Immersed In 
the solution and the buret lowered such that the tip just 
pierced the surface. After recording the Inital volume and 
cell potential, 0.05 ml portions of the tltrant were added. 
The titration was continued until the cell potential 
droped steadily with each addition of tltrant. 

CALCULATION. The molecular weight of the polymer was 
calculated from the equation: 

M • 2(W)/(V)(C) (77) 


where: 

W ■ weight of sample in grams 

C " concentration of tltrant In moles per liter. 

(V) ■ volume of the tltrant which Is determined using 
a second derivative plot of volume of tltrants 
vs. the corresponding millivolt reading. 
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2.13.4 6BL PiRMBATIOH CaHOMATOQIIAPHY 

mol«cul«r weight distributions of ths ollgonsrs 
snd copolyasrs wsrs dstsmlnsd on s Nstsrs RPtiC and Dupont 
high pressurs liquid chroastographs. Tstrahydrofuran (T8F) 
or iMthylsna chloride solution of approxlaately 0.2 weight 
percent concentrations were Injected Into the chroaatograph 
at a flow rate of 10 al/mlnute at 25*C» UV and differential 
ref ractometer detectors were used. 

2.13.5 NMR ANALYSIS 

The spectra of homo and copolymers solutions (10% 
solution in CDCI 3 ) were recorded at 34*C using a Varlan 
EM-390 Spectrometer. Due to the insolubility of 
hydroquinone poly sulf one in CDCI 3 , N-methyl pyrolidone was 
used as the solvent and only the aromatic region was 
scanned. Tetramethyl silane was used as the internal 
reference. Copolymers containing a high percentage of 
hydroquinone (50% and above) were prepared by dissolving 
the sample in 1% TNS containing chloroform. 


u 

11 

D 

D 
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2.13.6 INFRARED ANALYSIS 

Infrared spectra in the range of 4000-200 cm were 
measured using a Perkin-Elmer 283 Spectrometer. A 2% 
KHr-pellet sample was dried under vacuum and the spectra 
was recorded in the normal mode. 


. '’i r _ • 

2.U.7 


- ( \2rhx -r i 

AMJU.YSZ8 


’ l f i-.ft j''- ' 


=3 r'U ;• i"' 


^rdpirtUt of th* polyMrt «r4t# " 

itad^M ^ MAfit b£ tlid dit^ ioanning c4tld'rlMi«r 

(DSC) 8«rkin-fiiitf# (W« inttruAant was odlibratad 

aaihg an zndiui - 1S6.6 C, !tf ■ 6*8 eaiorlaa/ 

ga). Tha drl^ powdara wara uaad aa sanplaa* 


Seana wara ^tainad at 4d*C/ainuta at a aanaitlvlty of 5*20 
alllioaioriaa/aac* In aoat caaas, tha first haating ra* 
•ovad any pravlous tharaal history. Hie second run was re- 
corded. In studying solvent induced cyrstallisation 
(254*C) or phase separation (300*C) the experiiaents were 
extended up to twenty four hours. 


2.14.8 DYMAMIC MECHANICAL MEASUREMENTS 

Before describing this technique and the experiiaental 
set up a brief review of the theory is first appropriate. 

Polyaer aaterials are viscoelastic in nature and their 
aachanical properties exhibit a pronounced dependence on 
tex^arature and tiae. Hie viscoelastic response to thermo- 
aechanical excitement can give valuable information regard- 
ing molecular motions and even polymer structure, e.g. 
crystallinity. In the case of dyahamic-mechanical testing, 
often the time factor is held essentially constant by using 
a constant frequency operation. The viscoelastic response 
is then studied over the desired temperature range. The 
frequency is then changed and the experiment may be re- 
peated to obtain information about the time dependence of 


response 
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pynuilc iMChanlcal tasting mi;jf bt |wrfonMd Mny 
Mthods* Ths coimon onss srSf Cor sxMplSf thoss using ths 
torsion psnduluAr rssonsnt rod* ultrssmic tschniquss snd 
forcsd osOillstion procsdarss. Vhs rhsovibr<Hit iihioh is s 
Corcsd oscillation proesdurs# was snpl<^sd Cor tbis study* 
Ths saaqple is hsld rigidly by clasps# ons oC which is con- 
nsctsd to a strain gauge and ths other to a stress gauge. 

A sinusoidual strain is then applied to the polyser sasple. 

The relations between the strain e ai^ the angular 
frequency at any tise t is given by ”w” the frequency* 

iwt 

c ■ Eo« 


where is the strain aflq>litude and w the frequency. 

The stress a varies sinusoidally with the ease 
frequency. However, due to the viscous solecular 
processes, there exists a phase difference between the 
stress and strain. If the phase angle is represented by d 
the expression for s is given by 

i(wt ^ 6) 

a • Oq (79) 

where a is the stress an^litude. 

E* s — (80) 

e 

Itepresentation in the conplex plan also gives 


B* - B» ♦ iB, (81) 

where E* and B are terteed the storage and loss aoduli 
respectively. 
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Alto ■' 

-J 7 ■ t«n i (82) 

wbm tan < it rtftrttd to «• tht 8ittipttioii or lots 
factor • 

The tignlf letnec of thtet ptrtotttrt it tttily 
undtrttood by a al^pla darivativa which givat 

tv 

— ■ 2 tan < (83) 

Wat 

whara all ■ anargy dittipatad par cM^lata cycla (dua to 
vitcoua foroas) and tha naxiaua atorad anargy (dua to 
alaatic forca) . 

8narw diatipation diaplaya a naxliMiii whan tha 
fraguanoy of oparation mrraaponda to tha ralaxati<m tiaaa 
of Uia oolacular pc^aaaaa. Tha oolacular procaaaaa arc 
thanMlly activatadf tharafora* variation in t and with 
raapact to tawparatura or fraguaney yiaXda uaaful 
inforaation regarding tha aolacular nachaniaat. Thaaa 
aolaeular aachaniaM aay range frm oac illations of pendant 
grou^ on tide chains of tha polyaar aolacula to tha 
baehbona aovaaant of these aacroaolaeulas. 

All dynaaie-aaehanieal aaasuraants ware aada on a 
Rhaovibron Visco-Blastoaar (Toyo Baldwin Co., Ltd.) 
supplied by lasts Co. At tha start of tha axpariaant was 
tha staple length (distance between tha two elaaps) was 5 
ca in all cases. Tha staple width varied froa 0.45 to 0.50 
ca while tha thickness varied froa 5 ails to 8 ails. A 
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fnqiMii^ of 3*5 Hi was mployad for all Mchanioal apoetra 
Maauraaants and liquid nitroqan was uaad aa a rafriqarant 
in otter to obtain aub-Mri»iant taaparaturaa* Tba raa data 
CroM tba rbaovibron axpariaant waa puncdiad mi earda and« 
aitb tha aid of a coaputar prograa* plots of l*« ■* and tan 
d as a function of tMparaturas wars obtainad* 

2.13.9 TEWSILl TBOTIIIO 

fhm s trass-strain pr<^rtias of tha mpolyaars wara 
axaainad on a Scott and an Instron tastar. Dog bMta shapad 
spaeinans vara hald batiraan tha jaws of tha pnausuitie 
clasps at a prsssura of 90 psi ai^ strained at two inehas 
par ainuta until thay fractured. At least five spaciaans 
of each polyaar type ware tasted and average values for tha 
yield stress and elongation as wall as tha ultiaatt stress 
and elongation ware calculated. 

2.13.10 SCAHUmC ELECTPOII MICROSCOPY (SEM) 

Hydroquinona polysulfona and bis-A polycarbonate can 

be ii^ucad to crystallise by certain liquids such as ace- 
tone. The surface aorphology of tha filas before and after 
traataant was observed with tha aid of a scanning electron 
aicroscopy (Super XXI-A XSX). The saaplas ware placed on 
stub and coated with gold using a SPX sputter T.N. aodal 
13131. lha coating thickness was approxiaattly 50 A-75 A. 
Xn tha scanning electron aicrosopa* a vary fine electron 
baaa hits tha spaciaan producing secondary elactrMis. 
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fiMM baok-«c«tt«r«d «l«etraM ooll«et«d «ad fvodaov « 
•ifiuil iM«d to aodkiloto tlio IntMioity of tbo boM In tbo 
ootliodo-roy tiibo» tblo fonw on 1 m 9«* Vbotogroplio of 
tbMO iat^oo OM bo taikm* 

2.U.11 x-wur oirwu^iow <wmo> 

Mlllipo toblo t <9 X-roy foi^rotor pw 1720 woo asod to 
^toin wido oiiflo X-roy difC root Ion pottomo Cor tbo poly- 
Moro uador study* Soaplos iraro obout lS-20 mm tbi<dc sad 
tbo oi^osttro tias was of tho oi^or of sight hours por 
sMplo* Iho qporstii^ wltogo oos 40 kv sad tho curront 2S 
bA. Tho soaqplo to fila distant oas 4*3 ca in all casos* 

A dotailod rovioo of tho thoory is givon in roforon<M 

( 202 ). 

2.13.12 IUCTPOII OPlCTaOSCOPY FOR CHBtICAL AIIALY8I8 (B8CA> 
B8CA is uniqus as a surfaeo charaetorisation tochniquo 
boeauso it givos inforaation about olsasntal coapositionr 
osidation stats and aolocular structuro. In tho B8CA toch- 
niqiM# tho saspls is boabardod with X-rays in vacuua. This 
rosults in ojoctlon of i^o too loot rmts froa tho surfaeo* 

Tho onorgy of tho absorbsd X-ray quanta is partially os- 
pondod in ovorcMing tho onorgy which binds an oloctron to 
an atca and tho root is ^nvortod to kinetic onorgy of tho 
ojoctod oloctron carbon (Is) is arbitrarily assigned a 
waluo of (2S9*0 ov) as a aoans of binding onorgy roforonc- 
ing and charge correct ion. 
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Tfa« d«t« oatput it In analog Cora «ril^ aloetron in- 
tanaity in ooanta/taoonda/oontiaatar plottad on tha ordi* 
nata aaroua iq^rant binding anargy in aV on Uia abaeiata 
dao&aaaing Cron laCt to right and praciaa to within a tanth 
oC an alaotron volt, lha eorractad binding anargiaa wara 
obtainad dirMtly Croa tha apaotra. 

n^a tMpla auat ba aoantad on tha holter Cor analyaia. 
Dtpanding on tha fora of tha polyaar« thia ean ba 
aoeoapliahad in any ona oC a nuabar of waya. Filaa ara cut 
to tha aiaa of tha holdar and nountad uaing adhaaiva 
tranaCar tapa. Powdara ara inpactad onto tha aaapla pag 
with tranafar adhaaiva tapa or double aided adhaaiva tape. 
Xf tha aaapla ia in aolution or ia aolubla in a low vapor 
praaaura aolvant» it may ba caat directly onto tha aan^la 
pag# thua aliainating tha naad for an adhaaiva tapa and any 
intarfaranca in tha apactra of tha polyaar that aay arisa 
dua to incoaplata eovaraga of tha tapa. Caution waa 
axarciaad not to introduce any contaainanta onto tha 
polyaar aurfacaa during cutting and counting. 

Difficulty nay ariaa with aona aaaplaa whan intro- 
ducing tha natarial to tha analysar dua to ‘^.la vacuim or 
tha X-raya. If tha aolvant ia not coaplataly avaporatad 
out of tha aaapla or if tha aatarial producaa by-producta 
upon irradiation (aa a raault of photolytic daconpoaition) 
which will outgaa at a praaaura of 10*7 torr# a loia of 
vacuua aay raault. Tha DuPont 650 ia daaignad ao that if 
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th« pr««sur« it grttttr than 10*5 torr* tht analystr volt- 
agts will not turn on. 

Information about the polymer obtained from the spec- 
trometer it output in an analog fora. Charge correction it 
made by taking the main carbon la peak to be at a binding 
energy of 285. OeV and adjusting the other peaks according 
to the amount of shift exhibited by the C Is peak. 

' he peak intensity wh^.’h is proportional to concentra- 
tion can be measured in one of two ways. The area under 
the peak can be evaluated or the peak height can be measur- 
ed. In determining the area, the peak shape was cut and 
weighted after subtraction of a linear base line. In tri- 
angulation area measurements the convoluted peak intensity 
is obtained. Peaks well separated from the main peak such 
as shake-up satellites can be measured separately. 

In evaluating the peak intensity by height, the 
baseline is constructed and the height measured to the peak 
maxi.aum. Intensities of shoulders and peaks not completely 
separated from the main can be evaluated, recognizing that 
intensities and binding energies so obtained are 
approximate and as such may have considerable error. 

Information available from the ESCA technique, and the 
principal features observed in ESCA spectra are listed in 
Table 8 (308). 


i 

i 

I 


SPECTRAL FEATURE 


INFORMATION 


1. Main peak position 
. Chemical shift 


. Peak area ratios 


Atom identification 


Oxidation State 


Stoichiometry 


il 


il 




Shake up satellites 


« 


V* transition 
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2.14 MOHTB CARLO SIMULATION 

Aa nantionad in tha Introductory aactlon, tha natura 
of tha stap-groath aaehanlsm of chain axtanaion ccmbinad 
with variation in tha raactivity of tha aacond aoncMar 
functional groupa randara tha ayatan difficult to nodal 
aathanatieally. Analytical aolutiona ara limitad only for 
vary ai^pla caaaa. Ite hava obtained raaulta by Honta Carlo 
aiaulation of tha raaction. 'Ria nethod ia no lasa 
anbitioua in function but raplacaa the nathematical 
analyaia by a digital-coi^uter algorithm in which the 
approximation due to the raquira^nts of the mathematical 
analyaia hava bean avoided. 

2.14.1 DBPINITIONS 

The polycondenaation raaction considered here is of 
tha type where A-A and B-B monomers react with C-C mono- 
mars. A-A and B-B monomers may have the same functional 
group with different structures, such as bisphenol~A and 
hydroquinone or different functional groups and structures. 
However, A-A monomers cannot react with B-B type. Ihese 
nonomara ara called comonomers. Both these comonomers can 
react with tha third monomer C-C which we define here as 
tha intarmonomer. Typically, theis could be phosgene, 
taraphthalic acid chloride etc., for simplicity they may be 
raprasantad as -A-, -B-and -C-. This structure of the co- 
polymer thus formed can be represented as follows: 
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-A-C-B-C-B-C-B-C-A-C- (84) 

The presence of the inteneononer between the conononecs Is 
an obvious necessity. The possible triads are -A-C-A-f 
-B-C-B and -A-C-B-. The -A-C-A- and -B-C-B- triads are 
referred to as hoiiK>trlad8 and the -A-C-B- as the hetero 
triad. It Is now possible to describe the nicrostructure 
of the copolymer In terms of the proportion of the various 
triads* 

Consider a system of equ^l amounts of -A- and -B>, A 
random/statistical copolymer would have -A-C-A- » -B-C-B- » 
0.25 » -B-C-A- » 0.5. A block copolymer would have -A-C-A 
and -B-C-B » 0.5 and -A-C-B- nearly zero. A perfectly 
alternating copolymer would have -A-C-B- nearly equal to 
one. A more concise way of defining and describing the 
microheterogenity is the representation used by the authors 
In reference (254). They define Km the coefficient of 
microheterogenity ast 

Km » Pab/(PaB 2Pa) + Pab/(PaB 2Pb) (85) 

where Paa# PBBr Pab fractions of the three triads. 

For a mixture of two homopolymer ?ab - 0 and thus Km » 0 
for a perfectly alternating copolymer Pa** Pb” 0 ^>^<3 Km « 2. 
Thus the value of Km would represent the type of 


distribution 
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2.14.2 8IHUIATI0N MODEL 

Our nodul is built to uimlulato both the A-A, B-B type 
ee well ee the A«*B type polycondensation. It also has the 
capabilities of adding different types of monomers at any 
stage of the reaction at various reaction rate and feed 
ratios. The mechanism of the simulation technique is to 
keep track of triads formed at various extents of reaction. 

At any stage in the reaction system only the following 
different combination of functional end groups exist. 

There are -A-, -B-, -C-, -AC-CA, -AC-BC-, -AC-AC-, -BC-CB-, 
-BC-BC-,-BC-AC-, -CA-AC-,-CB-BC-,CA-BC-. The probability 
of a certain type of macromolecules forming depends on the 
rate of reaction and relative abundance of the reactant 
molecules. In a similar way the probability of formation 
of all possible types of macromolecule is calculated and 
the probabilities normalized. The probability of a certain 
macromolecule being formed is determined by the "Random 
Number Generator" (268). The whole process is repeated r 
one bond formation at a time until the reaction is com- 
plete. The Table 6 shows the thirteen different reactive 
species. The column heads represent molecules that have a 
comonomer at one or both functional ends and the rows 
represent molecules that have an intermonomer at one or 
both ends. A molecule is formed by the reaction of a 
"column-molecule" with a "row-molecule". 

A traid is formed only when a reacted intermonomer 
(dimer or oligomer) reacts with a comonomer (both monomeric 
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and ollgoneric). In other other words all possible reac- 
tions involving other than nonoeerie intemononer can pro- 
duce a traid. Also no triads are forMd when aonoiiers re- 
act. 

For a better clarity of the sieulation sMChanisAf con- 
sider a reaction of five -A-s» five -B-s and ten -C-s# with 
-B-s reacting 100 tiiMS faster than -A-s. At the beginning 
of the reaction we have 5A, SB and IOC. Thus there are 
only two different molecules that can form. 'Riey are -AC- 
formed by the reaction of -A-and -C-or -BC-formed by the 
reaction of -B-and -C-. The probability of their formation 
is given by the product of the relative abundance of the 
reactants and their reaction rates. Thus the probability 
of formation of -AC-and -BC are 10 x 10 x 1 and 10 x 20 x 
100 f respectively. Thus -BC-is the most probable molecule 
that will be formed. The following possibilities now exist 
for the second bond formation. In addition to -AC- and 
-BC-formed by monomeric reaction. -BC-formed in step one 
can also react with the monomers. Thus the following pos- 
sibilities exist (See Table 9), the formation -AC-, -BC-, 
-BC-A, -BC-B-, -C-BC-, -BC-BC-. Their respective probabili- 
ties are 10 x 18 x 100 -1800 and 1 x 18 x 100 > 800 and 2 x 
1 X 100 ■ 200. Once again -BC-is the most probable mole- 
cule to be formed. It is interesting to note here that 
only the reaction of -BC-with the comonomers results in a 
triad. The whole process is repeated until completion. 

One can thus assess the number and type of triads formed. 
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In th« actual almulation reaction 1000 Intaraonoaar 
nolaculaa with a atolchioaatric aaount of cononoMra ware 
raactad, Bach reaction was aiaulated 25 tlMSf under these 
conditions the standard error was less than 0.1%. 

2.14.3 PROGRAM DEBOGGIMG 

As in all computer pro^raaSf debugging is very 
ieportantf especially when used for (tonte Carlo simulation. 
Credibility of the program was accomplished by testing for 
known outcomes. The following events were used* 

(1) A reaction with only -A- and -C- — — -♦ Homopolymer. 

(2) A reaction with only -B- and -C- — — ♦ Homopolymer. 

(3) A reaction with no C s No reaction. 

(4) Insufficient Cs — ♦ No. of triads « No. of C s. 

(5) Equal reactivity ratio — — ♦ Symmetric results. 

(6) Reaction with -A-s, -B-s and -C-s with P»0. ♦ 

Only -A-C- homopolymer. 

(7) Reaction with -A-s, -B-s and -C-s with Q»0 — — > 


Only -A-C- homopolymer 


TABLE 9 

REACTIVE SPECIES IN BICOPOLYCONDENSATION 
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Figure 9 

GLOBAL FLOW CHART FOR THE SIMULATION OF TRIAD FORMATION 
IN CONDENSATION REACTION 


Chapter IIX 

RESULTS AND DISCUSSION 

3.1 EXNBTIC AND NBCHANISTIC APSBCTS OP THE POTASSIUM 

CBffig i gT i ^c 

3.1.1 HYDROLYTIC SIDE REACTION 

Tha clataioal routa for tha aynthaais of polyarylana 
atharaulfonaa la via tha dlemthyl aulfoxida/aquaoua aodlum 
hydroxida routa (154). 'Riia mathod la not without liaita- 
tiona ainca it raquiraa the exact atoichiomatrie ai^unt of 
aodium hydroxida. Evan a nodaat 1% deviation in tha baaa 
draatically dacraaaad the reduced viacoaity (RV) in chloro- 
form at 25*C of the raaultant polymer from 1.6 dl/gm to 0.6 
dl/gm. Alao tha affect of lack of alkali# on the reduced 
viacoaity waa greater than the correapondlng exceaa. De- 
creaae In viacoaity In the preaence of exceaa base has been 
attributed to the hydrolytic side reaction of dlchlorodl- 
phenylsulfone# resulting In the formation of a relatively 
Inactive phenoxlde group (154). Two equivalents of the 
base are used as shown In the reaction below: 



Nore recently (283) it has been reported that the lack 
of alkali not only disturbs the atolchloiMtry of bisphenols 
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but that tht unraacttd phanol can hydcogan bond with an 
aquivalant aaount of aodiiM phanata# tharaby radueing tha 
nuolaophllielty of tha phanata by naarly ona ordac of 
aapnltttda. Tha coapXax foraad la baliavad to bat 


HYDRCX3BN BONDED COMPLEX 


Thua in tha praaanca of axcaaa alkali only half an 
aquivalant of tha halida ia convartad to tha unraactiva 
phanoxida whila tha lack of alkali cendara aora than an 
aquivalant of phanoxida unraactiva. Iliia rationalizaa the 
greater dacraaaa of reduced viacoaity when a lack of alkali 
ia uaad. 

Although tha ether bond ia atable to h^royaia tha 
praaanca of axcaaa baaa under reaction conditiona can 
cleave tha activated ether linkage (156). The polymer 
hydrolyaia ia ahown belowt 





- ♦ 
-ONa 


-Oita ♦ 


Thia hydrolyaia reaction particularly linita tha acope of 
tha reaction in the aynthesia of block copolyaeca. 
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Hi« •£f«et o£ a liodaat axoata o£ anhydrous potaaalus 
earbonata on tha hydrolytic s Ida raaetlona o£ tha dihallda- 
dlphaiMxydlphanylattl£ma and sathoxy tarslnatad polyaulfona 
wara atudlad, aa outlined in tha axparinantal aaction. 





Thaaa atudlaa ahoif no hydrolysis o£ tha halida or tha poly- 
mer in prasenca of potass lam earbonata. 

3.1.2 DMAC/TOLOEWE AgEOTROPE STUDY 

DN80 is sansitiva to acidic or basic moiatien (284). 

In tha prasanca of axcass alkali or alkalina solution, 
(a.g., potassium hydroxide or potassium t-butoxida) emso is 
subject to auto oxidation. This is likely to be due to tha 
daprotonation of DN80 to fora tha mathyl-sulphinyl 
carbanion (285). Acidic substances such as phanol may also 
react with DNSO. 

CH3 

\ 

8-0 ♦ B- 

/ 

CHj 


CH2 

'^S-O 4 

/ 

CHj 


BH 


(89) 
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Oar iiitaraat in tynthaalt and study of oopolyoara roqulrod 
tha nood Cor praparing and eouplinp wall oliaractariaad 
ollfOMrn. Although tha dn80/nik» doaa produea high 
MOlaeular waight in a vary short tins# polynsr hydrolysis 
posas s pn^lon in nsintsining block integrity dua to tha 
athar intarehsngs rase t ion. 

To rodues tha on^hasis on ths asset snount of slkslir 
it was of intsrast to study ths anhydrous potsssiun car* 
bonsta/M«M* dlMthylscatsaids routs. Although this solvent 
has s conpsrsbls cation solvating power to OMSO« it is not 
significantly sff acted ^ excess anhydrous potsssius car- 
bonate. This process has received less attention coii^red 
to the OMSO/NsOR route. The literature evsilsblQ on this 
alternate process is nostly confined to patents (see Table 
4). The success of the polynerization reaction using a bis- 
phenste and an activated halide is largely dependent on the 
ability of the solvent to hMogenize both the phene te and 
the growing polyner end under anhydrous conditions. The 
solvent exposition during the reaction also influences the 
kinetic or the rate of reaction. Since azeotropic data was 
not available under the experiaental conditions# the ONAC/ 
Toluene azeotrope was studied as outlined in the experi- 
Mntal section. Figure 10 shows the gas chroisatography 
trace of the condenstate cong>osition at various teispera- 
tures. Using the results obtained frx this# the condensate 
end reactor coopositions were calculated end plotted for a 




of tomporaturos as shown in Figure 11. At all times 
during the distillation the reactor temeprature was« of 
eoursef higher than the condensate tenqperature. However^ 
at any given tenqperature» the condensate contained more 
toluene than the reactor, still as one might predict. At 
150*C, which was often the teiqperature used for the 
polymerization reaction, the reactor composition was found 
to be 8Stl5, DMAC;Toluene as indicated in Figure 11. 

3.1.3 KINETICS OF BIS«»A PHENOXIDE WITH DICHLORODIPHENYL 
SULFONE IN DMAC/TOLOENE 

Both NMR and infrared spectroscopy of model compounds 
and polymers obtained by reacting dichlorodiphenylsulfone 
with monophenols and bisphenols (see synthesis of model 
compounds in the experimental section) via the DMAC/K 2 CO 3 
were consistent with all para products, i.e., no meta or 
ortho products were observed, ruling out the possibility of 
the benzyne mechanism (see section on "NMR of copolymers”). 
This is of course analogous to the DMSO/aq NaOH procedure 
(154). The formation of the orange yellow color upon the 
addition of the sulfone to the phenoxide has been reported 
to be possible formation of the Meisenheimer type sigma 
coaplex formed by the reactants (154). It is likely that 
the formation of the ether linkage occurs exclusively via a 
bimolecular process. 

The polymer forming reaction between difunctional 
groups has been shown to be second order with respect to 


INITIAL COMPOSITION TOLUENE = DMAC ' 50* 50 



3dniVd3dM31 
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th« oono«ntr«tion of tho functional groups (155). Tht 
•quatlon rapraaantlng tha rata of raaetlon la axpraaaad as 
follows t 


d[OH] 

- KlArO-HArXl (90) 

dt 


whara [Ar9] and [ArlH rapresant tha concant rat ions of tha 
phanoxida ion and tha activatad halida. Tha intagratad 
fom of tha abova aquation is show below for equal initial 
concent rat ions of tha moncxsars. 

1 1 

. — + kt (91) 

C Co 

whara Cq and C are the concentrations o£ the phanoxida ion 
at t«0 and at any given "t“. Thus a plot of 1/C vs. t 
should yield a straight line with a slope equal to "k* tha 
reaction rata constant. A typical plot of bisphenol-A with 
dichlorodiphanylsulfone for the DNSO/aq NaOH process ob> 
tainad by Schulze and Baron (155) is shown in Figure 12. 

Tha initial curvature in the plot was reported to be due to 
the greater reactivity of the moncmers. By comparison a 
similar plot Figure 13 of the reaction of bis^A phenoxide 
with dichlorodiphanylsulfone via the DMAC/D 2 CO 3 route show- 
ad identical behavior. Interestingly, it was not possible 
to reproduce tha result, that is, the plot does not show 
any portion of completely linear behavior (Figure 14A). 


INVCR5C COWCCNTRA7ION W UTE«S/E0UIVALENT 


I 

I 

f 



FIGURE 12 POLYMERIZATION OF BISPHENOL-A WITH 
4 4' DICHLOROD I PHENYL SULFONE VIA 

DMSO/NaOH ROUTE (ref fgg ) 
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Th* non-linear nature of the plot auggests that it may not 
be a second order reaction where ■ Cb* A more maning- 
£ul interpretation was sought by plotting C vs. T and tak- 
ing the slope at various points to obtain the expected dif- 
ferential# dc/dt. The order of the reaction was then ob- 
tained by plotting dc/dt vs. C on a log- log scale. The 
slope of the curve at various C yielded the order of the 
reaction at the respective concentration C. The order of 
the reaction for preformed phenoxide at 150*C for various 
initial concentrations varied from 0.85 to 1.35. See 
Figure 14B. 

As the nature of the reaction seemed coiq>lex a model 
reaction of p-(t-butyl) phenol# an exan^le of a model 
monofunctional phenol with dichlorodiphenylsulfone was 
studied, ^e reaction conducted in an analogue manner# 
ie. preformed phenoxide was reacted with dichlorodiphenyl- 
sulfone. A second order plot of 1/C versus "t” did not 
yield a straight line (Figure 15). However# a smooth curve 
was obtained from a plot of conversion versus time. See 
Figure 16. 

As the expected second order plot was not obtained for 
both the polymerization (Figure 14B) and the model reaction 
(Figure 17) at equal concentration of the reactants# it was 
reasoned that the reactive species (the phenoxide and the 
halide) were present in non-stoichiometric amounts in the 
reaction mixture. That is# the phenoxide ion concentration 
was far less than expected. To verify this# the 









concentration of total base in the reaction ayatem at vari* 
oua ten^eraturea ere atudied aa outlined in the experinen- 
tal aectlon. A plot of total baae aa a function of tapper- 
ature ia ahown in Figure 18. Ihe concentration of total 
baae ahowa a aix-fold increaae in aolubility (fro« 0.01 to 
0.06S 91B eq/liter) aa the ten^rature increaaea froo 130*C 
to 160*C. Alao, the isaxiauai baae concentration ia 0.07 g« 
eq/liter at 160*C. Aa the kinetic atudy waa perfomed at 
much higher concentrat iona than thia only a fraction of the 
total expected phenoxide waa preaent* Thia could be due to 
the incoi^lete formation of the phenoxide cauaed by the 
poor aolubility of the baae under reaction conditicna or 
the insolubility of the diphenoxide formed or both. These 
possibilities are shown in the equations below: 


K2CO3 (solid) 


KHCO3 (solid) 


MO-Ar-OM 

(solid) 


K2CO3 (solO) 

KHCO3 (soin) 

M9>Ar-&4 

(solution) 


(93) 


As OMAC has cation solvating power con^arable to IMSO one 
would expect much higher solubility of the bisphenate than 
observed. However# under reaction conditions# the azeotro- 
pic study shows the presense of a significant portion of 
the non-polar toluene* Thia would drastically reduce the 
solubility of baae in DNAC. In addition to the above re- 
act iona there is also a rapid acid-base equilibria between 
phenols and carbonates. Bicarbonate formed by the reaction 


1S5 
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of potass iu» earbonats and bisphsnol can also react i#lth 
phenol to Com phenates. The reaction is accos^anied by 
the evolution of carbon dio:<ide and forsMtion of water* 


K2C03 ♦ 

HOAr-OH 

KO-Ar-OM 

t KHCO3 

( 95 ) 

K2C03 ♦ 

KO-Ar-OH 

KO-Ar-OK 

e KHCO3 

( 96 ) 


The bicarbonate could also undergo decoiqposition to give 
carbonate« water and carbon dioxide. The carbonate forsMd 
frosi decosposition of bicarbonate can undergo the tame 
cycle of reactions. The presence of toluene aids the 
resK>val of water formed by the reaction of bicarbonates » 
thus maintaining anhydrous conditions. 


KjCOj 

+ HO-Ar-OH 

KO-Ar-OH 

t H 2 O 

♦ CO 2 

(97) 

KHCO] 

♦ KO-Ar-OH 

♦ " “4- 

KO-Ar-OK 

+ K2O 

♦ CO 2 

(98) 


2 KHCO 3 

K 2 COJ + 

CO 2 ♦ 

H 2 O 

(99) 


Phenoxides formed by the above reactions react with halides 
to fora ether linkages. Due to the greater reactivity oi 
monomers than dimers or oligomerSf the following reactions 
may be envisioned to occur 
♦” ^1 

KO>Ar-OK ♦ X-Ar-X KO-Ar-O-Ar-X + KX (100) 
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KO-Ar-OK ♦ X-Ar~ KO-Ar-O-Ar'-'-'— -► KX (101) 

- + 

+ X“Ar“X ■ * **~ * ~~'“"'ArOArX + KX (102) 

>v<«mmvJ^ 0K + X“Ar~~'^'^ '■ ■ " ’ I o*«.«»~ArOAir'“"'""“ + KX (103) 

In the first two reactions the bisphenoxide reacts 
with mononeric dihalide and a reacted halide respectively. 
Reaction (102) talces place between an oligomeric phenol and 
a dihalide. Reaction (103) between an oligomeric phenol 
and an oligomeric halide truly represents the 
polymerization reaction. During the inital stages of the 
reaction^ i.e., less than 50% extent of reaction^ k1, k 2, 
and k 3, will influence the overall observed kinetics. 

Beyond this point is the predominant contributor to the 
observed rate constants. Although k 4 influences only after 
50% extent of reaction, from a polymerization point of view 
only dimer are formed at this stage and the polymerization 
process has just begun. 

Compared to the DMSO/aq NaOH route, this alternate 
route is nearly 10 times slower. The solubility and acid- 
base equlibria influence only the concentration of 
phenoxide and therby the order of the reaction. The slower 
reaction rates are due to hydrogen-bonding of the phenoxide 
with unreacted phenols and the lower dielectric constant of 
the reaction medium due to the presence of significant 


amounts of toluene 
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Prom a more practical point of view we have studied 
the reaction by an ^ situ method. Here both the monomers 
and the base were added to the reaction solvent, i.e., the 
phenoxide was formed ^ situ . The reaction kinetics were 
studied at three different temperatures, 140*C, 150*C, and 
157*C, respectively. A plot of conversion versus time is 
shown in Figure 19. Qualitatively one observes that the 
time taken for 50% extent of reaction to be completed is 
about 130 minutes, 45 minutes and 25 minutes at 140*C, 

150*C and 157*C, respectively. At the end of ten hours at 
the above condition, the reaction carried out at 157*C 
produced high molecular weight polymer while the one at 
140* C yield only trimer and oligomers. In these cases too 
the reactions were of fractional order. See Figure 20. 

3.2. SYNTHESIS OF POLYSULFONE OLIGOMERS 

During the course of investigation several homopoly- 
mers of polysulfone were synthesized by the K2CO3/DMAC 
route as described in the experimental section. Results 
and discussions of their characteristics are given in this 
section. 

Various number average molecular weight polysulfone 
oligomers derived from bisphenol-A, bisphenol-T, bisphenol- 
S and hydroquinone were prepared by using calculated 
monomer mole ratios. These ratios used were such that the 
oligomers were always phenoxy terminated. This helped in 
the characterization of oligomers and also in subsequent 







FIGURE 
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reactions for tha aynthasis of block copolyaara. nia uaa 
of a modaat axcaaa (10-20%) of anhydrous potassium car- 
bons ta did not raduca tha Intrinsic viscosity of tha ra- 
sultant bis-A polysulfona. Pigura 21 shows a plot of in- 
trinsic viscosity (at 25*C in mathylana chlorida) as a 
function of mole parcent of anhydrous potassium carbaonata. 
Raduction in the intrinsic viscosity due to lack of alkali 
results in lass than calculated amount of phenoxida being 
formed thereby forming lower molecular weight oligomers* 

The IR spectra of all polymers showed peaks at 1245 
em'^i characteristic of C-O-C stretching of aryl ether 
group. Also, doublets in the region of 1280-1320 cm~i 
resulting from asymmetric 0 bS «0 stretching were observed. 
Aromatic ring vibrations at 1010 cm~l were consistent with 
para substituted products. Absorption bands were not found 
in the regions characteristic of ortho or meta substituted 
products. Figure 22 shows a typical IR trace of bis-A 
polysulfone, obtained via the DMAC/K2CO3 route. Table 10 
shows the various spectral assigments (288,289). 

The NNR spectra of bis-A polysulfone is shown in 
Figure 23. The protons at 1.7 ppm (TMS«0) are due to the 
aliphatic protons from the iospropylidenc moiety of 
bisphenol-A. The remaining proton signals are observed in 
the aromatic region (6.7-8 ppm). For clarity, an expanded 
aromatic region is shown in Figure 24. The spectrum shows 
a series of doublets arising from non-equivalent ortho pro- 
tons as indicated by a typical coupling constant (J value) 
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3310 

3200 


3078 

3052 

3040 


1610 

1577 

1510 

1465 


Internolecularly hydrogen bonded 


aronatic C-H stretching 


aromatic C ---- c stretching 




1430 

asymmetric C»H bending deformation 

'] 



of methyl group 

.1 


1390 

symmetric C-H bending deformation 

;i 

I 



in plane 0>H bend (these bands 



1350 

result from interaction between 

5 



O^H bend and C*-0 stretch 

I 

f 


1325 

doublet resulting from asymmetric 
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1289 

0ZS«0 stretching 
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TABLE 10 (OOn*t.) 

INFRARED PEAK ASSIGNMENTS FOR POLYSULFONES 


Fr«qu«ne« 

AtslgniMnts 



1245 

asymmetric C-O-C stretching of 
aryl ether group 

1190 

C-0 stretch 

1148 

symmetric stretching of 0«S>0 


I 


1064 

993 


0>S«0 vibration 


1010 aromatic ring vibration of 

p-8ub8tituted benzene 

i 




1 

I 
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of 8*2-814 d/t* Th« mo»t doi^nshlftod doublet centered 
around 7*85 ppM (Ha) is due to protona ortho to sulfone* 

The doublet ar^nd 7*25 ppn (He) la due to protons ortho to 
iaopr^ylidene grcMp and meta to ether linkage* Doublets 
around 7*00 p^ and 6*92 ppm have been assigned to Hb 
protons (ortho to ether and meta to sulfone) and Hd protons 
(ortho to ether and meta Isoprq^ylldene) * It Is very clear 
from both IR and NNR that the polymer obtained by DNSO/aq 
NaOH and DNAC/K 2 CO 3 are Identical* 

While bls-T polysulfone could be made In a similar way 
to bis-A polysulfone, synthesis of bls-S and hydroqulnone 
polysulfone has to be modified. The more acidic bls-S 
phenol resulted In a lower nucleophlllclty and to achieve 
the desired molecular weight In a reasonable time required 
the use of relatively higher reaction tes^eratures or a 
more reactive dlhallde. Sulfolane was used as a high 
boiling solvent, however, base-contact time was kept short 
due to a slow base consuming side reactions (154)* The 
reaction could be carried out without much modification by 
using the more reactive dlf lurordlphenyl-sulfone Instead of 
the dlchloro derivative. 

Hydroqulnone polysulfone was crystalline and often 
precipitated out of the solvent under experimental 
conditions. To overcome this problem the reaction was 
carried out at a lower concentration (101 wt/vol) in 
N-methylpyrolidone at 180*C and filtered hot after 
completion of reaction. 




8inc« 4 slight sxosss of anhydrous potsssluii osrbonsts 
«rss assd for ths synthsslsf ths oosgulstsd polyissr was 
boilsd in hot dlstlllsd wstsr for s two hours. This 
niniiiitsd ths SMunt of inorganic salts trapped in tha 
polyiasr. This was specially ii 4 K>rtant as residual 
potassiusi carbonate or sulfolane tend to discolor the 
polyaer during coapression Mlding. Since bisphenol-h is 
known to cleave at high teaperatures and pressures in basic 
conditions (289)# it is probable that bis-A polysulfone 
could degrade during eoH^ression moiled if care is not 
taken to neutralise the base. 

The number average molecular weight of the oligomers 
were obtained by potentiometric analysis of the phenolic 
end groups (281#297). The results are susosarised in Table 
11. The hydroquinone homopolymer was insoluble in the 
titration medium and could not be characterized by 
method. The results obtained by this technique Wv r v 
c<Miparable to that obtained by dilute soluti pr'^o#* it n 
such as# Intrinsic viscosity and vapor pr u.*t ’ 

This was specially so for blsphenol-A poi>^ ou^ oligomer 
as the values of *K” and "a" in Huggins equation in various 
solvents were known (290). The intrinsic viscosity of 
hydroquinone polysulfone was measured in 0-chlorophenol. 

Gel permeation chroma to jraphy trace showed a poly- 
dispersity of two# characteristic of linear condensation 
polymers. These results were obtained in comparisiun t«> 
polystyrene standards. In all the chromatogram traces# a 


CALOJIArED 




TXPE 


BIS-A FCmULFOtC 

2500 

2^^00+100 


5000 

4250 + 170 


10000 

9000 + 300 


25000 

25750 ± 500 

BIS-T PXYSULFONE 

10000 

10250 + 50 

BI5-S FOLYSIJLFDNE 

5000 

4800 j; 200 


10000 

10250 + 200 

BlS-A/hq POI-YSULFOC 

20000 

17000 + 300 
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BMll hump was observed at total permeation end of the 
trace, nils has been shown to be due to cyclic dimers 
(291). The structure of bis-A polysulfone cyclic dimer is 
shown below: 





Glass transition temperatures *o£ the Tg and molecular 
weight of the oligomers are given in Table 12. Tg values 
ranged from 180*C for bis-T homopolymer to 231*C for bis-S 
homopolymer. The thioether in bis-T homopolymer linkage 
imparts greater chain flexibility compared to the aliphatic 
carbons of bisphenol-A. The polymer consequently has a 
lower Tg than bis-A polysulfone. On the other hand the 
rigid polar sulfone linkare in bis-S polysulfone increases 
the glass transition temperature of the homopolymers. On 
ly hydroquinone homopolymur shows a crystalline melting 
^oint peak at around 3L0*C (154). 

3.3 SYNTHESIS AND CHARACTERISTICS OF POLYSULFONE 
POLYCARBONATE BLOCK COPOLYMERS 

We have been interested in studying the parameter that 


govern microphase separation In ductile glassy/glassy and 




glasay/crystalllne engineering materials. The choice of 
polycarbonate and poly ( ary lethers) for initial studies was 
based on several considerations. Copolymerization is 
feasible since the end groups in the two oligomers can be 
identical f as shown in structures 1 and 2. 



Jn 



-OH 



Considerable information is available in literature on both 
homopolymers (292-5). Both polymers are amorphous as 
prepared, which allows characterization o£ the polymers and 
copolymers by solution methods (299). However, the 
polycarbonate segments subsequently can be crystallized by 
certain solvents (241). Thus the same copolymer can, in 
principle, be studied with either a glassy-glassy or 
glassy-crystalline morphology. Lastly, wide structural 
variations are possible within the general classes of 
poly (arylethers) and poly (arylcarbonate) simply by changing 
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the chemical nature of the biephenol. These variations r in 
turn* can be used to model the effect of the "differential 
solubility parameters" (296) (or other more quantitative 
expressions) in the development of a multiphase system at 
constant bloc)c molecular weights. 

Polycarbonate oligomers were synthesized as outlined 
in the experimental section. Results of their characteri- 
zation are given in this section. Potentiometric end group 
analysis of polycarbonates was not possible due to the in- 
stability of the carbonate likage in the titration medium. 
However, their number average molecular weights were ob- 
tained by UV analysis. Table 13 summarizes the results of 
the methods used for the molecular weight characterization. 
The intrinsic viscosities of the polymers at 30"C in THP 
varied from 0.23-0.53 dl/gm, corresponding to a molecular 
weight range from 5,000-22,000. The molecular weights were 
consistent with the calculation. The glass transition 
temperature of the oligomers increased with increasing 
molecular weight from 143"C for (5,000) to 158"C (22,000). 
Thus nearly a fifteen degree difference was obtained in 
going from 5,000 <Mf,> to 22,000 <Mn>. Gel permeation 
chromatograms of the polymers gave a polydisperisty of two. 
The molecular weights obtained from comparison with poly- 
styrene as well as polycarbonate standards were consistent 
with those obtained by other methods (297). 

The above homo-oligomers were used in the synthesis of 
block copolymers. The block copolymers were, of course. 
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TABLE 13 

CHARACTERISTICS OP POLYCARBONATE OLIGOMERS 


(a) 

Nn 9 /nole 

30«C 

• 

THp 

(b) 

Tg CO 

5,000 

0.23 

143 

8,000 

0.31 

146 

10,000 

0.32 

147 

17,000 

0.53 

153 

22,000 

0.55 

158 

(a) 

UV'Vi Bible spectroscopy 
(see reference 298) 

of the phenol 

end groups 

(b) 

DSC, Perkin-Elmer Model 

2, 40*K/min, 
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multiblock in type with an overall composition adjusted to 
111 ratio by weight of polysulfone to polycarbonate* For 
ease of discussion each of the samples has been given a 
characteristic code to indicate both composition and block 
lengths (299). The monomers bis*Af bis-T and bis-S are 
represented as k, T« and S respectively. Polycarbonate and 
polysulfones are represented by C and S respectively* Hius 
an oligomer of bis-A polycarbonate is represented as hC, 
while bis-A polysulfone is represented as AS* A block 
copolymer consisting of SrOOO g/mole of bis^A polysulfone 
block coupled with a 5*000 g/mole of bis-A polycarbonate 
would be designated AS/AC • 5/5. The increased viscosities 
of the copolymers and the GPC trace indicate the formation 
of nniltiblock copolymers* 

Based on the above abbreviations* Table 14 shows the 
thermal characteristics of the seven block copolymers* 
Figure 25 shows results for copolymer AS/AC - 10/10* A 
single glass transition is readily apparent at 175*C. In 
the vicinity of 147*C* a small apparent Tg appeared in 
some* but not all* samples. Probably this was a result of 
some residual homopolymer. Recognizing that in these 
systems kinetic control of domain formation was a 
possibility* various annealing experiments were conducted. 
We observe in Figure 25 that repeated annealing cf the 
AS/AC - 10/10 at successively higher temperatures up to 
300*C and for 15 minutes in each case followed by a 
thermal quenching produced no phase separation. In 
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FIGURE 25. DSC THERHOGRAHS OF BIS-A-FOLYSULFONE/BIS-A POLYCARBONATE 
(10.000/10,000) BLOCK COkOLYHER AFTER ANNEALING AT 
INDICATED TEMPERATURES FOR 15 win. HEATING RATE. 
40“K/min, 5 mcal/sec. (Ref. 299) 
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contrast # ths typical thermal behaviour of AS/AC -series 
two phase solids is represented in Figure 2^. In the 
bottom DSC trace (a)» the virgin powder was scanned) only 
one Tg at 175*C was observed* Just beyond this tei^perature 
one notes an exotherm at 207 *Cf undoubtedly a consequence 
of crystallisation in the carbonate domains of the copoly- 
mer* In curve B a one-minute annealing at 220*C followed 
by quenching produced a sample with latent tiM>-phase be- 
havior* More patient-thermal-annealing treatments at 
220*C led to sanq>les where the two glass transitions were 
readily detected, as illustrated by curves C and D of 
Figure 26* This clearly indicates the time dependence for 
formation of microphases (299) in SS/AC copolymers* This 
series of block copolymers also was investigated in view of 
determining a critical block length for microdomain forma- 
tion* In addition, by now examining the same block lengths 
as in the AS/AC san^les above, the opportunity exists to 
estimate specific interactions influence on phase separa- 
tion attributable to the large solubility parameter mis- 
match between blocks* Both 5000/5000 and 10000/10000 aver- 
age block length materials were studied, however, Figure 26 
present data only for the longer block length specimen, as 
these are representative of the behavior on both samples. 

A two phase behavior is observed* Again, for the polycar- 
bonate moiety) Tg is elevated (about 15*C) while that of 
the polysulfone is essentially unperturbed. Although no 
quantitative conclusions can be drawn, at least the ranges 



Figure 26* Effect of annealing time (220°C) on the phase 

behavior of AS/AC-16/17. The DSC traces correspond 
to (A) dried polymer powder - no pretreatment, (B) 
annealing 1 minute followed by quenching to 30 C, 

(C) annealing 30 minutes followed by quenching to 
30°C, and (D) annealing 30 minutes followed by 
slow cooling at 1.25®C/mln. to 30°C. (Ref. 297,299) 





FIGURE 27. DSC THERMOGRAM FOR BIS-S-POLYSULFONE/BIS-A-POLYCARBONATE 
(10,000/10,000) BLOCK COPOLYMER. HEATING RATE, 40°K/«in 
RANGE, 5 mcal/sec. (Ref* 297,299) 
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of domination of tha two af facta, block langth and chamical 
eompoaition, ara battar dafinad by coi^>ariaon of tha 8S/AC 
with tha A8/AC polynara. Roughly^ ona third incraaaa in 
molacular waight was raquicad of tha AS/AC -10/10 sampla to 
achiava tha phaso sagragation demons tcatad by blocks of ona 
langth but differing by two solubility paramatar units 
instead of 0.7 units* 

TS/AC COPOLYHEkS. As a final composition variation within 
tha 50/50 overall weigh t-parcant frame work, tests ware run 
on copolymers based on tha bisphanol-T poly aulf ona oligo- 
mer. Recall that this oligomer has a solubility parameter 
equal to that of the bisphenol-A polysulfone* Only tha 
10000-10000 g/mol block-size material has been studied* 

The Figure 28 shows clearly a single transition at 159*C, 
intermediate between the 140*C and 180*C homopolymer Tgs, 
as one would expect from a 50/50 copolymer (299). 

Perfectly alternating polysulfone polycarbonate 
copolymer . The glass transition temperature of one phase 
copolymer system of polysulfone/polycarbonate was reported 
(297) to be higher than that predicted by the Pox equation. 
This deviation was more prominent for smaller block 
lengths. It was reasoned that for smaller block lengths 
the number of junction points would be much greater and 
deviation could occur due to their intrinsic nature (higher 
Tg than the average of the two) . To verify this required 
the synthesis of a co|>olymer with minimum block length (one 
unit) and thus maximum junction points of hetero linkage 



nOIRE 28. KiC TUERHOUMM FIW SIS-T-POLYSULKOME/HIS-A-l'Ul.yCARIMli 

(10.000/10.000) bmm:k o)roLy)CR. KCAriNo mate. 40**n/iiiii. 
RANGE, S iical/»«c. (A) AFTER ANNEALINC AT (300*'C) 

m 30 Min, (8) DRIED POLYICR rOWDEK, NO TKERMAl. PRE- 
TREATMEMT. (R«f. .799) 
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I 

and Mature itt glttt trantition tam^aratura* Tharafora# a 
perfectly alternating copolynar was aynthatltad and itt 
propartiat ttudiad. 8aa Table IS. Die molecular weight by 
G.P.C. wat aatimatad to be around 60 » 000. The glata 
tranaition tamparatura of the copolymer Matured at 
40*C/minuta wat obtarvad at 180*C. Thia wat indeed more 
than 5-lS*C higher than the average of the two hOMpolymert 
thereby confirming the effect of aequence diatribution on 
the Tg of the copolymer. However, rate effeett may alto be 
important. 

3*3.1 ESCA KEASOREMEWTS 

The experlMntally determined ttoichiometriea of the 
homopolymers and block copolymera are given in Table 16 
along with the binding energiea at which the ESCA peakt 
appeared* The main carbon la photopeak wat corrected to 
265.0 ev from which ahifta due to charging was determined. 
Thia allowed adjuatment of the other binding energiea in 
the reapective apectra. 

The oxygen and carbon ESCA peaka for polycarbonate are 
preaented in Figure 29. Both peaka are gaua»ei&A shaped 
approx itBa ting the "ideal* ESCA photoelectron peak shape. 

The broad oxygen peak indicates at least two kinds of 
oxygen photoelectrons arising from different chemical 
environMnta. In examining the polycarbonate structure, it 
ia clear that the oxygen peak arises from the carbonyl 
oxygen (C>0) and oxygen singly bonded to carbon. The fact 
that these oxygens are both bonded to carbon are not widely 
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TABLE IS 


CHARACTERISTICS AN ALT|R8AT1N6 pPOLYSp^OI^ 
POLYCARBONATE MOKt CXmUiM 


mM GPC 


60»000 


GLASS TRANSITION 
TEMPERATDIS 


180®G 


SOUIBILITY’ 


DIMETEYLFOBHAMIDE 

DIMETUYLSOLFOXl^ 

METHYLPYRROLIDONE 

DIMETHYLACETAMIOE 

TETREHYDROFURAN 

DICHLOROMETHANE 

1,2-DICHLOROETHANE 

TETRA- CHLOROETHANE 

ISOPROPANOL 


t 






I8» 

disslitllar In •Inetronngatlvity •xpXnlns thn elosminss of 
tho binding onorgiot of onoh ^lotooloetron 11m giving rioo 
to tho oinglo brood convoltitod pook. Ono vould oiq^t thot 
in this oitootion tho hoight nooounMnt would undorostinoto 
tho total oaount of oxygon prooontf ainco it would 
oooontially <Hily be noasuring tho Intonaity arising fr<» a 
single peak. Ilie carbon peak shows a low Intensity 
shake-up satellite due to the aromaticity of benzene in the 
polymer. 

The ESCA spectrum for bis-A polysulfone is shown in 
Figure 30. nie shake up satellite at 294 (eV) arises from 
the unsaturation of the aromatic ring. The oxygen peak at 
534.7 eV is much broader and is the result of two different 
oxygen environments, e.g. C-O-C and 0>S>0. The small shake 
up satellite is due to the double bonded oxygen with 
sulfur. In addition to these peaks which were also 
observed in polycarbonate, there is another peak at a 
binding energy of 169.4 eV due to sulfur. The observed 
stoichiometry is consistent with that calculated. In both 
cases the observed carbon content is slightly higher than 
that calculated. 

Figures 31 and 32 present the spectra of one and two 
phase poly sulf one/poly carbonate block copolymers. 
Surprisingly no sulphur-peak was observed even at very high 
sensitivity, thus indicating a predominantly polycarbonate 
surface even for a bulk-single phase system. This surface 
segregation, we believe is due to the difference in the 







FIGURE 31. ESCA SEPCTRA OF PSF-PC BLOCK COPOLYMER 
( 10 , 000 - 10 , 000 ) 
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orltioAl tarfact tantlona of polytulfona (300) and poly- 
oarbonata (301) » baing 41 and 34*5 raspaotivaly. To con- 
fira thla quantitativaly# filaa of hcanpolyaara and copoly- 
nara wara caat on a glaaa plata* Savaral (4-5) dist Iliad 
watar droplata wara placad on tha dry fila and thalr con- 
tact angla obaaryad by tha tilting plata aathod. !n»a watar 
droplata on tha co^olyaar fila and tha polycarbonate hoao- 
polyaar had about tha aaiM contact angle and differed froa 
that of the polyaulfone hmiopolyaer. 7hlm confiraed that 
aurface aegregation occured even for a bulk aingle phaae 
material* Theae data suggest that in general, one should 
expect the surface properties of the lower surface energy 
segment in a block copolymer. 

3.4 HYDROQUIMONE/BIS-A SOLFONE "RJiNDOM COPOLYMERS" 

Poly(arylene ether sulfones) , as mentioned in the 
introductory section, possess good mechanical and thermal 
properties* These properties in combination with their ex- 
cellent stability (hydrolytic, dimensional and thermal) 
allows these polymers to be used under demanding service 
conditions over a wide range of temperatures. However, in 
the presence of a solvent they are known to catastrophi- 
cally fail while under stress. *niis has been attributed to 
their rigid amorphous nature. Typically, the behavior is 
illustrated in Figure 32. Examples of plastics which be- 
have in this manner include AS impact polystyrene, poly- 
carbonates, polyphenylene oxide and aromatic polyethers* 





It was rsasonsd that tha introduotlM o£ a saoMid 
orystalllna ^iponant would load to vaatly laprovad 
Mtarlal parforaanea. Such a ayst«i possasaing an 
structura In which tha raspaotlva blocks ara a polysulfona 
(PSP) and nylon € (R6) is schaiiatically dapictad in Pigura 
33. Tha praaanca of aora than 2S% orystallina nylon S 
rasultad in an ovarall anhancad solvant and strass crack 
rasistanca (307). This is shown in Pigura 34 in which a 
ona ainuta ruptura tiaa vs. appiiad strass in an acatona 
anvironiMnt is plottad. 

Although good solvant rasistanca was obtainadf tha 
hydrophilic nature of nylon 6 had undasirabla affacts on 
tha aachanical and alactrical propartias of tha polyaar. 

To ovarcoaa this problaa raquirad tha usa of a sacond 
crystallina coRq>onant of coaparabla hydrophilicity or 
hydro-^obicity as polysulfona. A good starting point was 
to usa a saai«>crystallina polyaar froa tha polyary lathar 
faaily. Hydroquinona polysulfona hoaopolyaar obtainad by 
MSO/NaOH was raportad to ba saal-crystallina (154). Vfa 
thus thought it would ba of intarast to study tha naw co- 
polyaars darivad froa tha raaction of bis>A and hydro- 
quinona with dichlorodiphanylsulfona. Tha copolyaars wara 
synthasisad as outlined in tha axpariaantal section. Tha 
results of their characterisation and propartias ara given 
in this section. 

Tha intrinsic viscosity of tha copolyaars was studied 
in haloganatad hydrocarbon or THP at 25*C. Tha intrinsic 
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vitootity of tlM j^ols^rs alonf with thole Tg*o la ^ivon 
in fnbio I7« fbo intrinoio oioeoaitioo vorio4 frow 0.3t- 
0«7I 41/901 in Mthylano ehlorido at 2S*C. Tho lowor in- 
trinnie wioeeoitioo rooultod duo to non-otoiehionotrie 
■aounto of n^Ci ;^ro. fo howo o cough idoo of tho nuidMc 
•worogo noloeulor woight* tho e^olynor with tho lowoot in- 
trinoie wioeooity woo potontionotrieolly titrotod (2S1) and 
ealottlatod to bo 17*000 daltMia* Tho hydroquimmo poly- 
aulfono hon^olynor wao inaolublo in all halogonatod ool- 
vonta* ao ito intrinaic viocooity was noaaurod in ortho- 
ohloro^ionol. ha tho *K* and *a* valuos of tho Huggins 
CMStant wars not avallablo it was not possiblo to obtain 
tho <N^> by intrinsic viscosity. Gol pocMatlon chrona- 
togr^»y of tho cqpolynors showod a gauss Ian distribution, 
nio oluti<wi voliwos woes <^talnod in tho rango of 20*000- 
40*000 <Nn>* coaiparod to polystyrono standards. All tho 
G.P.C* tracos had a charactorlstlc soall h(sig> noar the 
total pomoatlon and. As nontlonod orrllor this is duo to 
tho cyclic diswrs (Piguro 35). 

Thocaal behavior of tho c^^lysMCS wore studied in a 
D.8.C* coll (see Piguro 36) , The glass transition tosg»ora- 
turo was obtained fron tho second run. Tho Tg*s ranges 
item 10S*C for pur bis-A honopolynor to 210*C for purs hy- 
droguinono hon^olysMr. In all cases tho copolynor Tg was 
Buch higher than that calculated by tho Pox equation. (Sec 
Piguro 37). Otross-strain prqportios of tho copolynocs are 
shown in Table 18. Tho Young's oodulus of tho sanpxos 
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TABLE ^17. ^ 

IHTRlimiC VISCOSITY AND GLASS TMimiTION T^O^BA^BiS OP 
HYDROQUIMONE/BISPHENOL A POLYSULPOHB COPOLYMERS 


Mole Practlon Reactant 

CH 2 CI 2 

inl 

25»C 

» ** 

1 

Hydroquinone | 
1 

BIS-A 

1 DCDPS 
1 
1 

5 

95 

98 

0.35 

187 

10 

90 

99 

0.42 

193 

15 

85 

99 

0.58 

195 

20 

80 

99 

0.51 

196 

30 

70 

99 

0.48 

197 

50 

50 

98 

0.43 

200 

75 

25 

100 

0.67 

203 

85 

15 

100 

0.71 

204 

90 

10 

100 

0.69 

205 

100 

0 

100 

0.85* 

207*** 


* 0-chlorophenol 


DSC 40*K/min, P-E Model 2 
***T|n OP 310*C also observed 




3( 

itur#, (“C) 


RATE 40®C/mtn> 




(Oq*i) MiuvaaiHai Hoiiisuvai ssvio 



m 




I 

I 
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D 


COMPARISWI OF BIS-A/Hq COPPl*^^ME^ 



TABLE 18 

STRESS STRAIN DATA* OF BISPHENOL A/HYDROQUINONE COPOLYMER SYSTEMS 
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ranged between 11,800-13,00 kge/cm^, «nie yield stress 
showed perhaps a slight increase with increasing hydro- 
quinone content. 

High-temperature dynamic mechanical measurements show- 
ed no decrease in mechanical properties with the incorpora- 
tion of hydroquinone. This is especially inq>ortant since 
for the earlier case of the nylon-6 polysulfone copolymer, 
solvent resistance was obtained at the cost of a loss in 
mechanical and electrical properties. The glass transition 
temperatures obtained from this study were consistent with 
the D.S.C. results. Figure 38 and 39 show the influence of 
temperature on tan and storage loss modulus of the copoly- 
mer respectively. Low temperature mechanical properties of 
the copolymers showed a broad 0-loss-modulus maximum occur- 
ring at round -110*C. The shape and peak position were not 
much different to those of pure bis-A homopolymer. Good 
impact strength enhancements have been postulated to this 
6-transition (302-5), although this does not exclusively 
determine the toughness of such polymers. A number of 
workers have rationalized the great breadth of the 0-peak 
the superposition of two different loss peaks having dif- 
ferent activation energies (304,306). 

The hydroquinone homopolymer was reported to be 
crystalline (154). This crystalline peak was observed in 
the first heat in the D.S.C. cell. On cooling it rapidly 
to room temperature and rerunning it showed no evidence of 
a T,n but only a sharp Tg at 207"C. Annealing the sample 
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in the D.S.C. cell at 254*C (O.SSTm) for various lengths of 
timSf quenching it to ro<Mi tenq>erature and rescanning fail- 
ed to crystallise the sample (see Figure 40)* mtus it was 
concluded that crystallization could not be induced therm- 
ally. However^ because the polymer showed crystallinity 
*as made"f attempts were made to induce crystallinity using 
liquids. This novel method of inducing crystallinity has 
been reported for polyesters, polycarbonates etc. (241). 

In the polyetner family, polyphenylene oxides have been 
crystallized by decalin (307). Two solvents, namely ace- 
tone and methylene chloride were used in this study. Typi- 
cally, acetone is a non-solvent while methylene chloride is 
a solvent for polysulfones. Hydroquinone polysulfone (com- 
pression molded) was soaked in acetone for various lengths 
of time, removed, dried and a D.S.C. trace was run record- 
ing the first heat. Samples that were dip-dried or soaked 
for less than six hours failed to show bulk crystallinity. 

A crystalline peak was observed for sample soaked in ace- 
tone for more than six hours (see Figure 41). Samples 
treated in methylene chloride required much less time. 
Typically, comparable crystallinity was obtained in less 
than an hour. The rapid rate of crystallization by methy- 
lene chloride may be due to the fact that it solvates the 
polymer segments more easily thereby depressing the Tg to 
below room temperature and increasing the difference be- 


tween T,^ and Tg. 



FIGURI 40. EFFECT OF ANNEALING (254°C) CK HYDROQUINONE POLYSULFONE AFTER VARIOUS 
LENGTHS OF TI>!E IN THE DSC. 
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niAt oryttallisation was Indaad ii^uoad by tha liquids 
was confitMd by both wids angls X-ray and scanning slsc- 
tron aioroacopy, nts wide angle X-ray pietursa of the poly- 
mer soaked in acetone ai^ awthylene chloride for 24 hours 
and one hour respectively are MN^pared to the swiple prior 
to treatment (see Figure 42). The untreated sample shows a 
diffuse ring, characteristic of SM»rphous materials. The 
other two show sharp rings indicating a semicrystalline na- 
ture. 'Rie photomicrographs obtained from SEM after acetone 
treatment of the polymer is shown in Figure 43. Surface 
modification is clearly observed. The crystallites appear 
as small fibrillar fragments under high magnification. 

Hie photomicrographs of methylene chloride treated 
polymer are shown in Figures 44 and 4$. In distinct con- 
trast to the acetone treatment both excessive cavitation 
and spherulitic formation are observed. This is similar to 
the polyyethylene terepthalate-butanol system (241). thus 
the two liquids show distinctly different surface modifica- 
tion in the process of crystallization. 

Stress-strain behavior of pure hydroquinone poly- 
sulfone after treatment with methylene chloride for various 
lengths of time and drying is shown in Figure 46. All 
samples exhibit coxqparable strength (Young's modulus) but 
have decreasing elongation-at-break. They also exhibit 
ductile failure. These observations indicate that the 
homopolymer exhibits properties typical of an amorphous 
polymer while being potentially semi-crystalline. 

















STRESS Kgs /cm 



STRAIN 

FIGURE 46. STRESS-STI6MN 1’1/)T OF 1001 HqPSF IMMERSED IN 
METIIYEFNE CHl,('i; I DE I'OU VAKIOUS TIMES 
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The environmental stress crack resistance of the co- 
polymers was studied by a bent-strip constant strain method 
and a constant stress mode method. In both the methods the 
samples were dried and compression molded at 300*Cr then 
cut into the shape of a dog bone. The thickness of all 
samples ranged from 10-11 mils. In the bent-strip method 
the sample was bent and held in position by placing it be- 
tween the indents of a glass tube. This ensured approxi- 
mately equal flexural stress and strain. A drop of a 
stress-cracking liquid was placed on the sample. The ob- 
servations are summarized in Table 19 are for acetone as 
the stress-cracking agent. These results are also typical 
for many other similar stress cracking agents. The results 
show higher hydroquinone containing polymers to exhibit 
sharply better solvent resistance. This method is simple 
and rapid but gives only qualitative information. 

The constant stress method was used to obtain a more 
semi-quantitative idea on the environmental stress cracking 
behavior of these copolymers. The results are summarized 
in Table 20. The ESR behavior was studied for four 
different stresses. The maximum stress used was 1000 psi, 
as these orders were typical of residual stress in molded 
products. The results show considerable improvement in 
solvent resistance for copolymers having more than 50 % 
hydroquinone. As expected, the RSR is also a function of 
the applied stress. 


TABLE 19 



crazine. Ductile 
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The copolymers were compression molded, and any crys- 
tallinity "as madew was destroyed, thus producing amorphous 
test specimen. Thus one would expect to have poor solvent 
resistance. To rationalize the observed improvement in ESR 
behavior it is believed that two processes are occuring 
simultaneously. One is the diffusion of the stress crack- 
ing reagent into the amorphous matrix and the other is the 
crystallization and surface modification in the presence of 
the stress cracking liquid and the applied stress. The 
former is destructive and leads to failure of the sample 
while the latter crystallizes the surface, thereby rein- 
forcing the polymer segments. The ordering of the surface 
would in principle also decrease the diffusion coefficient 
of the stress cracking liquid. These effects are schemati- 
cally represented in Figure 47. 

In the hydroquinone containing copolymer the first 
process predominates resulting in failure even at very low 
stress (250 psi) . However, with increasing hydroquinone 
content the hydroquinone sequences in the copolymer are 
long enough to crystallize thereby increasing the solvent 
resistance. 

As surface modification does play an important role in 
ESR, ESCA vjas used to study possible surface segregation 
effects. The results showed no evidence of such phenomena 
in these copolymers (see Figure 4R) possibly due to the 
relatively short seouences. 


-CRYSTALLINE 



IGURF 47.?crir:' ATIC REPRESENTATION OF IMPROVED SOLVENT RESISTANCE OF 
POTENTIALLY SEMI- CRYSTALLINE POLYMER. 
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3.5 PROTON AND CARBON (13 ) SPECTROSCOPY OF COPOLYMERS 

As seen in the previous section longer hydroquinone 
sequences showed improved ESR behavior. It was thus o£ in- 
terest to study th^ monomer distribution in the copolymers. 
During the last decade proton and carbon 13 spectroscopy 
have provided valuable information regarding monomer dis- 
tribution along the polymer bac)cbone (285-287). This has 
largely been confined to vinyl polymers with aliphatic car- 
bons. A general rule of thumb in the stud}' of sequence 
distribution in condensation copolymers is that the inter- 
monomers have iso-magnetic protons while the comonomers 
have widely different proton signals. Polyesters made from 
terephthalic acid chloride and a mixture of bisphenol and 
diol satisfy the above requirements. Thus, sequence dis- 
tribution studies in step-growth polymers have largely 
dealt with copolyesters. 

No wor)c has been reported regarding sequence distribu- 
tion of polysulfone copolymers. This is largely due to the 
proton signals being in the small aromatic region of 6.5 
ppm to 8, ppm ma)cing even peak assignments rather difficult. 

This section therefore deals with an attempt to make 
peak assignments of proton and carbon-13 spectrum of the 
copolymers. The NMR spectrum of the two homopolyraers along 
with a 50/50 copolymer is shown in Figure 49. The most 
downshifted peak at around 7.85 ppm, appearing as a 
doublet, is due to the protons ortho to the sulfone group. 
The doublet is due to a non equivalent adjacent proton. 
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Th« coupling constant of (Jh-h) ^ cyclss/sec is charactar- 
Istlc of ortho proton couplings, in this case the protons 
neta to the sulfone group and ortho to the ether linkage* 
The next pair of doublets at 7.25 ppm Is due to the protons 
ortho to the Isopropyl Idene group In blsphenol-A. The 
doublet at 7.0 was assigned to the protons meta to the sul- 
tone group and ortho to the ether linkage. The protons 
ortho to the ether group and meta to the Isopropyl Idene 
moiety also occurs as a doublet at 6.9 ppm* 

The NMR peak assignments of hydroqulnone homopolymer 
were relatively simpler since the protons from hydroqulnone 
(He) are Iso-magnetlc and appeared as a singlet at 7.26 
ppm. The most downshifted doublet at 7.98 ppm was due to 
the protons ortho to the sulfone group. The protons (Hb) 
ortho to the ether linkage appeared as a doublet at 7.18 
ppm. Both the doublets had the characteristic ortho 
coupling constant (Jh-h ■ c/s). 

TO test the validity of the peak assignments attempts 
were made to obtain the copolymer compositions via two 
methods. In one, the ratio of aliphatic to aromatic pro- 
tons was compared to a calibration curve (see Figure 50), 

In the other, the ratio of protons ortho to the sulfone and 
the protons ortho to the isopropyl idene group was compared 
(see Figure 51). Both methods give the composition of the 
copolymers with a i3% deviation (see Table 21). However, 
the second process is preferred since peaks from N-methyl 
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FIGURE 51. COPOLYMER COMPOSITION FROM AROMATIC PROTONS 
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TABLE 21 

COMPOSITION OF COPOLYMERS BY PROTON NMR SPECTROSCOPY 


CALCULATED 

(Mole % of 
(Hydroqulnone) 


OBTAINED 

(Mole % of Hydroqulnone) 



From aromatic region only 


. * ■ 
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pyrolidone which was used as a solvent £or high hydroqui- 
rone content systems does not interfere. Also, higher 
temperatures (e.g. at 100*C) could be used to better re- 
solve resolve the peak. 

Attempts were now made to detect the protons most sen- 
sitive to monomer distribution in the copolymer. This 
naturally led to the examination of intermonomer protons. 
Indeed, that protons ortho to the sulfone could be influ- 
enced by an atom seven atoms away was truly remarkable (see 
copolymer spectrum in Figure 50) . However, one would have 
expected to see three different proton environments from 
the three triads respectively but only two were observed. 
Therefore the results indicate that two of the peaks are 
unresolved or superimposed. 

Since NMR is known to be more informative, 
attempts were made to study the copolymer by spectro- 
scopy . 

The C-13 spectrum of the two homopolymers and the 
50/50 copolymer are shown in Figures 52 and 53. Although 
the peaks seemed well resolved compared to the correspond- 
ing proton spectrum, peak assignment was more difficult as 
no literature data was available for chemical shifts of 
substituted and unsubstituted phenyl sulfones. This there- 
fore involved systematic synthesis and study of simpler 
molecular to calculate peak positions. 

Initially, monofunctional compunds were synthesized 
and reacted. Their synthesis and characterization was 
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simple and straight forward. The products were obtained in 
high yields. Similarly, model compounds involving mono- 
functional and difunctional reactants were synthesized. 

The monofunctional reactant was used slightly in excess of 
stoichiometry to ensure complete conversion to product. 
Otherwise, a distribution of products is obtained. The 
compounds were first checked for purity by T.L.C. and the 
structure then verified later. The synthesis of model com- 
pounds from difunctional monomers was relatively more 
difficult. The use of stoichiometric amounts of the re- 
actants generally produced a statistical distribution of 
all possible products. Isolation of the required porduct 
was not easy and usually resulted in lower yields. Using a 
large excess of one of the monomers resulted in higher 
yield of the required product. Considerable improvement in 
yield was obtained when the lower molar ratio monomer was 
added very slowly into the reaction. Figures S4 and S5 
show the HPLC trace of the products of the reaction of bis- 
A and hydroquinone with dichlorodiphenylsulf one respective- 
ly, at various mole ratios. It is evident from the chro- 
matograms that addition of the lower mole ratio component, 
dichloro-diphenylsulf one in this case, results in a product 
comparable to that obtain by using a large excess of bis- 
phenol. In the case of phenoxy terminated model compounds, 
their structure was also verified by synthesizing the 



FIGURE 54 GPC TRACES OF REACTION PRODUCTS OF BISPHENOL'A AND DICHLORODIPHENYL 
SULFONE 
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analogous dlamino derivative and diazoting it to a hydroxy 


group as shown below i 




NaN02/H2S04 *C 
CU2O , CUNO3 



SO 




Synthesis o£ p,p’-dichlorodiphenyl8ul£one l,4'-dioxy 
benzene and its bis-A analog was attempted so that a 
perfectly alternating copolymer of bis-A and hydroguinone 
could be obtained. However » purification of the product was 
not possible. 



NaN02 + H2SO4 *C 
Cu20, Cu(N03)2 



The list of model compounds used for this study are 
shown in Table 22. The chemical shift of carbons in benzene 

at 12B.5 ppm was used as reference. Chemical shifts for 
polysubst ituted aromatics are for the most part predictable 
on the basis of the additivity of the chemical shifts of the 
corresponding monosubstituted benzene. 
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TABLE 22 

MODEL COMPOUNDS 
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Initially, it was of prime importance to determine the 
chemical shift values of phenyl sulfone group on an 
unsubstituted benzenei This was obtained from the C-13 
spectra of diphenylsulfone (Figure 56), The spectra shows 
four different carbon environments at 127.86 ppm, 130,05 
ppm, 133.87 ppm and 142.15 ppm respectively. The first two 
signals were twice as intense as the remaining two and were 
therefore attributed to the ortho and meta carbons. Litera- 
ture value of chemical shifts for similar deactivating 
groups like nitro, sulfonamide etc., show shielding of ortho 
carbon and deshielding of the meta carbons. Based on this, 
the peak at 127.86 ppm was assigned to ortho carbons and the 
one at 130.05 ppm to the meta carbons. The other two peak 
assignments were relatively simple as the carbon attached to 
the phenyl sulfone group is the most deshielded. The shift 
assignments of phenylsulfone were confirmed by comparing the 
calculated values to the observed values for monochlorodi- 
phenylsulf one and dichlorodiphenylsulfone. Similarly, the 
effect of various other groups were calculated and confirm- 
ed. Table 23 shows the 13c substituent effects on benzenes. 

Figures 57-62 show the 13c spectra of the monomers and 
model compounds along with the peak assignments. The ratio 
of peak intensities were non integral, possibly due to longer 
relaxation time and lower N'OEs. This made quantitative 
measurements rather difficult. The carbons attached to the 
sulfone group were observed to be sensitive to the type of 
bisphenol attached to the para carbon in the same ring but 

















IGURE 60 SPECTRA OF 4,J’ DTPHHN’OXY DTPHEWL SULFONE (AROMATIC REGION ONLY) 




n 





FIGURE 62 SPECTRA OF PROPANE 2 , 2 ’ -BIS (4 ' -PHENYLSULFONYL 4-PHENOXY BENZENE 
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not sensitive to the para substituent in the second ring 
attached to the same sulfone group, i.e. the carbons were 
not sensitive past the >S02 group. See Table 24. Thus the 
sequence distribution assignment was difficult in this sys- 
tem. Of course, this does not rule out the possibility of 
NNR for studying sequence distribution, it only suggests 
that other carbons in the phenyl ring of diphenyl sulfone 
should be examined. 

3.6 MONTE CARLO SIMULATION 

As mentioned in the previous sections, sequence distri- 
bution plays a very important role in the ultimate proper- 
ties of the polymer. It is of interest to study the various 

parameters that influence such a distribution. One would, 
of course, expect the kinetics of the reaction to play a 
very important role. However, the complex nature of the re- 
action limits the use of simple mathematical equations. In 
this section a Monte Carlo method is used to provide infor- 
mation regarding the parameters that influence the sequence 
distribtuion of monomer in linear bi-copolycondensation 
polymers. This section essentially deals with the one stage 
reaction system in which all the reactants are present from 
the initiation of the reaction, i.e., no monomer is added 
during the reaction. Also in all cases a 1:1 comono- mer 
ratio was used. 

The results and discussion is divided into three 
distinct cases, depending on the variation of the functional 
group reactivity of the monomers. 
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3.6.1 CASE I 

Here it is assumed that the reactivity o£ the monomers 
do not change during the reaction, i.e., they have 
independent functional group reactivity. Various reactivity 
ratios of the comonomers were used and the coefficient of 
microhetergenety calculated at various extents of the reac- 
tion. Table 25 summarizes the result of the type of polymer 
obtained for various comonomer reactivity ratios. In all 
cases the resulting copolymer is random. Under these condi- 
tions reactivity ratio does not influence the distribtulon 
in the resultant polymer. This result is better represented 
by Figure 63 a plot of microheterogeniety vs. the extent of 
reaction for various reactivity ratios. One observes that 
for high extents of reactions the copolymer tends to have a 
random distribution. For a better clarity, the percent of 
unreacted -A-comonomer is plotted as a function of the ex- 
tent of reaction for K=l,10,1000 (Figure 64). As the value 
of K increases more of -A-remains unreacted until 0.5 extent 
of reaction. At 0.5 extent of reaction when all the -B- 
comonomers have reacted -A-begins to react. Figures 65 and 
66 show the triad distribution vs. extent of reaction for 
K»1 and 1000, respectively. Comparison of these two figures 
show that at K*1000 only-BCB-triads are formed until 0.5 ex- 
tent of reaction. Beyond this point -ACA-and -ACB-triad be- 
gin to form. At completion the random distribution is 
obtained. 
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I TABLE 25 

_ TRIAD DISTRIBUTION IN CONDENSATION COPOLYMERS 

• CASE I 


-A- -A- -B- -B- 


1 

\ 

Kll 

A 


■'f 

k22 

A 

Kll 

B 

k12 

B 

k21 

B 

k22 

B 

REMARKS 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

random 

1 

I 

1 

1 

1 

1 

2 

2 

2 

2 

M 

1 

i 

1 

1 

I 

1 

1 
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5 

5 

5 

N 

\ 

1 

1 

1 

1 

10 

10 

10 

10 

n 

1 

1 

% 

i. 

1 

1 

50 

50 

50 

50 

n 

i 

1 

1 

1 

1 

100 

100 

100 

100 

n 

1 

i 

1 

1 

1 

1 

200 

200 

200 

200 

H 

I 

1 

1 

1 

1 

1 

500 

500 

500 

500 

N 

! 

1 
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1 

1 
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II 

{■ 

1 

1 

1 

1 
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L0,000 

10,000 
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INDEX OF MICROHETROGENEITY 



EXTENT OF REACTION 


FIGURE 63. CASE I EFFECT OF COMONOflER REACTIVITY RATIO ON 


MICROHETEROGENEITY . 
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FIGURE 66. MICROHETEROGEN I ETY (1^) VS EXTENT OF 
REACTION. CASE 1. Kr - 1000. 
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3.6.2 CASE n 

H«ce, while the comonomers have independent functional 
group reactivity, the reactivity of the functional group of 
the intermonomer is varied. The reaction rate constants for 
this system may be represented as follows: 

The type of copolymer obtained depends on the reactivi- 
ty ratio of the comonomers (Kr"Kb/Ka) as well as Kc, as seen 
in Table 26. When the comonomer reactivity ratio (Kr) is 
one the polymer is always random irrespective of the value 
of Kc. Thus random copolymers are obtained when Kr or Kc>l. 
As the value of Kr increases alternating copolymer is form- 
ed. Here with increasing values of Kc and Kr, the inter 
monomer essentially behaves ar a monof unction molecule and 
reacts only with comonomer -B-forming -CBC-reactlve species. 
This later reacts with comonomer -A-producing alternating 
copolymer. The degree of alternation increases as the value 
of Kc and Kr simultaneously increase (see Figure 67). How- 
ever, if the ratio of Kc/Kr increases a random copolymer is 
obtained. 

J . 6 . 1 CASE III 

In the previous case the value of Kc was 1, in this 
case the value for Kc is 1. Tn other words, the dimeric or 
oligomeric functional group reacts faster than tlie monomeric 
one. Table 27 summarizes the type of copolymer. Once 
again a random copolymer is formed for Kr»l. For increas- 
ingly larger values of Kr and Kc a block copolymer is ob- 
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TABLE 26 

TRIAD DISTRIBUTION IN CONDENSATION COPOLYMERS 

CASE II 



Ka 

Kb 


REMARKS 

k11.k21 

A A 

k12*k22 
A A 

k11-K21 
B B 

k12.k22 
B B 


10 

1 

10 

1 

random 

100 

1 

100 

1 

random 

1000 

1 

1000 

1 

random 

10 

1 

100 

10 

alternating 

100 

1 

1000 

10 

alternating 

1000 

1 

10,000 

10 

alternating 

10 

1 

lOOC 

100 

alternating 

100 

1 

9999 

iUO 

alternating 

10 

1 

10,000 

1000 

alternating 
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TABLE 27 

TRIAD DISTRIBUTION IN CONDENSATION COPOLYMERS 

CASE III 



K 

A 

i 

kH=k21 
B B 

C 

B 

REMARKS 

k11-k21 

A A 

k12*k22 
A A 

k12»k22 
B B 


1 

1000 

1 

1000 

random 

1 

100 

10 

1000 

block 

1 

10 

100 

1000 

block 
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tained. Here, initailly formed -CB-species react with B co- 
monomer to form -BCBCB-type species, thus generating long 
sequences of -BCBB-triad thereby resulting in block copoly- 
mers. Figure 60 shows the behavior of Km vs. the extent of 
reaction for various values of Kc. 

One very interesting observation in this study is that 
at 0.5 extent of reaction the fraction of unreacted 
intermonomer is always equal to the fraction of triads 
formed. This holds true for all cases. A representation 
plot is shown in Figure 64. 





Jhapter IV 


CONCLUSIONS 

The classical route for the synthesis of poly(arylene 
ether sulfones) is via nucleophilic aromatic substitution 
using dimethyl sulfoxide (DNSO) as a dipolar aprotic solvent 
and aqueous sodium hydroxide as a base. 

A wide variety of high molecular weight homopolymers 
have been synthesized. However, hydrolytic side reactions 
can limit the scope for the synthesis of block copolymers. 

An alternate route using dimethylacetamide/potassium carbo- 
nate as solvent and base, respectively has been cited in the 
patent literature. We have used this method successfully 
for the synthesis of several homopolymers and copolymers. 

Our results show that a slight excess of potassium carbonate 
(anhydrous) does not hydrolyse the dihalide or the ether 
linkage in the polymer. Also the synthesis of oligomers of 
predetermined molecular weight is easily reproducible. The 
reaction can be carried out with preformed phenoxide or the 
in situ method, thereby extending the scope of the technique 
to the synthesis of block copolymers. Our investigation 
into the kinetics and mechanism of this process has demon- 
strated that although the reaction is bimolecular it devi- 
ates from simple second order kinetics. An azeotrope study 
of DMAC/Toluene showed nearly 15% of toluene at the reaction 
conditions (150*C). This could have a retarding effect on 
the cation solvating power of the phenoxide. The deviation 

2 58 
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from simple second order kinetics has been rationalized to 
be due to the partially hetereogenous nature of the reac- 
tion. 

These polymer have the characterisitcs that include 
excellent stability (hydrolytic, thermal and dimensional), 
very good mechanical properties and high Tg's. However, 
they undergo catastrophic failure while under stress, in the 
presence of liquid environments. This failure has been 
attributed to their amorphous rigid nature. We reasoned 
that the introduction of a second ordered or crystalline 
component would vastly improve its solvent resistance. 

Since hydroquinone polysulfone was reported to be semi- 
crystalline "as made". We synthesized and studied "random" 
copolymers obtained by reacting various mole ratio combina- 
tions of bisphenol-A and hydroquinone. The copolymers con- 
taining less that about 80 mole% hydroquinone were generally 
soluble in halogenated solvents and their intrinsic viscosi- 
ties were measured in methylene chloride. The intrinsic 
viscosity of pure hydroquinone polysulfone was measured in 
o-chrlorphenol . The intrinsic viscosities ranged from 0.4- 
0.8 dl/gms, which corresponded to 20,000-40,000 (Mp). The 
G.P.C. traces indicated a polydispersity of 2.0, which is 
characteristic of linear condensation polymers. A small 
hump near the total elution volume in the G.P.C. traces, was 
attributed to the cyclic dimer. 

The glass trnasition temperature (Tg) increased 
monotonical ly from IBS^C for pure bis-A, sulfone homopolymer 
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to 10*C for hydroqulnone homopolymer. The hydroqulnone 
homopolymer was crystalline "as made" with a of 310*C. 

It could not be thermally crystallized by annealing at 254*C 
for several hours. However, the polymer could be crystal- 
lized by a novel solvent induced crystallization process. 

The formation of crystalline domains was further confirmed 
by scanning electron microscope (SEM) and wide angle X-ray. 

Mechanical properties of the copolyemrs were studied on 
a tensile tester and rheovibron. The incorporation of hy- 
droquinone moeity did not decrease the mechanical proper- 
ties. The glass transition temperatures were consistent 
with the thermal studies. 

Two different types of mechanical tests were used to 
study the solvent resistance of the copolymers. Rapid 
qualitative analysis for various stress cracking liquids was 
observed by a bent strip method. A more semi-quantitative 
analysis was studied by a constant stress test. From the 
above studies it was concluded that the stress crack resis- 
tance of these copolymers is a function of the applied 
stress, the hydroquinone content and the solubility para- 
meter of the solvent. A mechanism for improved solvent re- 
sistance of semi-crystalline polymer was thus proposed. 

NMR and 13c spectroscopy of the copolymers were studied 
to further elucidate their micro structure. The composition 
of the copolymers were obtained within t3% of the calculated 
value, by proton NMR. 13c spectral assignments were suc- 
cessfully made based on model compounds. The possibility of 




using and proton spectroscopy for determining sequence 
distribution was investigated. Prelimary results show pro- 
ton spectroscopy to be more promising. 

Multiblock (-A-B-)fj copolymers of bisphenol-A poly- 
carbonate and several poly (arylether sulfones) were synthe- 
sized from well characterized oligomers. One of the most 
interesting aspects of these block copolymers is their 
ability to undergo microphase separation above a critical 
block length. It was possible to prepare one or two phase 
block copolymers by controlling the molecular weights and/or 
interaction parameters of the parent oligomers. Surface 
characterization showed a polycarbonate surface even on "one 
phase" block copolymers. This may be due to the lower crit- 
ical surface tension of polycarbonate segments compared to 
those of polysulfones. 

Triad distribution of monomers in non equlibrium linear 
bicopolycondensation was investigated by Monte' Carlo simula- 
tion. The simulation technique was used to replace complex 
mathematical treatments. All theories proposed so far were 
verified. This also helped in establishing "program credi- 
bility" of the technique useful for extending the recent 
theory. 

In the one step process# where the interraonoroer and/or 
comonomers have dependent functional group reactivities# the 
resulting copolymer was always random Irrespective of the 
reactivity ratio of the comonomers. A non random 
distribution was obtained when the reactivity ratio of the 
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functional groups in the intermonomer and those of the 
comonomer were much greater than unit. Monomers that 
resulted in a random copolymer in a one step process could 
be made with a non random distribution by a multi step 
process. In summary, for a given set of kinetic parameter 
and feed ratio of the monomers it is possible to see if and 
how a predetermined micro architecture can be synthesized. 


Chapter V 
REl'hJRBNCBS 


(1) Flory P. J. "Principles of Polymer Chemistry", Cornell 
University Press, Ithaca, New York, 1953* 

(2) Noshay A. and McGrath J. E. "Block Copolymersi Over- 
view and Critical Survey", Academic Press Inc*, New 
York (1977)* 

(3) Ullmann P. Ber 37, 853 (1904). 

(4) Noro/ A. A. and Shvartsberg M* S*: Russ Chem Rev 43, 
679-689 (1974). 

(5) Staudinger H. and Staiger P. Ann., 67, 517 (1935). 

(6) Golden J. H. Soc Chem Ind (London) Monogr No 13,231 
( 1961) . 

(7) Brown G. P. and Goldman A. Poly Prepr. 5(2), 39 (1963). 

(8) Brown G. P., Poly. Prep., Vol.6, 195 (1964). 

(9) Stamatoff. Fr. Pat. 1,301,174 (1962); U.S* Pat 
3,228,910 (1966) . 

(10) Brit. Pat 1,053,053 (1966), Chem. Abst. 66, 56009q. 

(11) Van Dort H. M. et al European Polymer Journal Vol 4 
p 275-287 (1968) . 

(12) Pankova E. S., Martsenitsena S. V. and Berlin A* A. 
Vysokomol Soyed A 17: No 7, 1415-1420 (1975). 

(13) Bunnett J. P. and Zahler R. P., Chem* Rev* 49, 273 

(1951) . 

(14) Weigarten H. J. Org. Chem*, Vol. 29, 277 (1964). 

(15) Weigarten H. J. Org. Chem*, Vol. 29, 3524 (1964). 

(16) Turner R* W* and Amma E. L. J. Am. Chem. Soc* 5,4046 
(1963) . 

(17) Bacon R. G* R. and Stewart 0. J., J* Chem* Soc* (C) 

301 (1961). 

(18) She in S. N. and Litvak V. V. izv. Sibir. Otd* Akad. 
Nauk SSSK, Ser, Khim, No 2, Issue I, 104 (1973). 


26 3 


264 


(19) Litva)t V, V. and Shein S. M, Zhur. Org Khim 9,326 
(1973) . 

(20) Shein S. M. and Litvak V. V. Tezisy Vses. Simp Org. 
Sint Benzoidnye Armot. Soedin, lat 1974, 104-5, 

(21) Robeson L. M. et al.. Applied Polymer Symposia 26,373 
(1975). 

(22) Bacon R. G. R. and Hill H. A. 0., J. Chem. Soc, 1108 
(1964) . 

(23) Bacon R. G. R. and Stewart 0. J,, J. Chem. Soc, 4953 
(1965) . 


(24) 

Tomita M. 

et 

al 

Pharm. 

Bull (Tokyo) ^ 

13, 

(25) 

Torrey H. 

A. 

and 

Hunter 

W • H • ^ • Ain • 

Chem 


194,(1911) 

• 





(26) 

Hunter W. 

H. 

and 

Dahlen 

Me Pi » f »7 e Am e 

Chem 


2456 (1932) and J. Am. Chem. Soc., 55, 3701 (1933) and 
references therein. 

(27) Golden J. H. , Soc. Chem. Ind. (London), 13, 231 (1961). 

(28) Muller E, et al Naturforschg, , 176, 567 (1962). 

(29) Hedayatullah M. and Deniville L. Compt.rend 254, 

2369 (1962). 

(30) Rainford H. S. and Le Rosen, J. Am. Chem, Soc., 68,397 
(1946) . 

(31) Staff in G, D, and Price C, C., .7. Am. Chem, Soc., 82, 
3632 (1960) . 

(32) Cook C. D, et al., 7. Am. Chem. Soc., 78, 4159 (1958). 

(33) Dimroth K. et al. Ann. 624, 57 (1959). 

(34) Butte W. A,, Price C. C. and Hughes R. E. J. Polym. 
Sci. , 61 528 ( 1962) . 

(35) Ali S. M. and Price C. C. Macromolecules 10(2), 428-5 
( 1977) . 

(36) Brit. Pat 959 283 (1964) Chem. Abst. 61, 9644 (1964). 

(37) N. V. Polychemic-AKU G. E. Neth. Pat. 6516934 (1966); 
Chem. Abst. 67, 82564g (1967). 


I 

I 

I 

I 

1 

I 

I 


(38) Lindgren A. J. Acta. Chem. Scand., 14, 2089 (1960). 


265 


(39) Edward J. K. (to Sun Oil Co) U. S. Pat. 3,260,701 
(1966) Cham. Abst. 65, 7315 (1966). 

(40) NcNella E., J. Org. Cham., 31, 1255 (1966). 

(41) Shigeru T. and TaKaahi Y.,J. Cat. 58(3), 444-53 (1979) 
and references therein. 

(42) Masanori H. et al. , Nippon Kagaku KaishL (3) 441-3 
(1977). 

(43) Carr B. and Harrod J. F., Chera. Abst. 70,63644d(1969) . 

(44) Blanchard H. S. et al.. 7. Poly. Sci., Vol 58, 469-90 
(1962) . 

(45) Sasaki J. (to Mitsui Petroleum Industries) Jap 3195 
Chem. Abs. 67, 11992 (1967). 

(46) Inoue H. Bull. Chem. Soc. Japan, 35, 1958 (1962). 

(47) U. S. Pat. 3,257,357 (1966), Chem. Abst. 65,9056a. 

(48) Stamatoff G. S., E. I. Dupont De Nemours and Co. 

Brit. Pat. 10536 JO ( 1967); Chem. Abst. 66, 55983r 
(1967) . 

(49) Fr. Pat. 1,403,987 (1965), Chem. Abst. 64143865. 

(50) Price C. C. J. Poly. Sci., 49, 267 (1961). 

(51) Toyoky T., J. Soc. Org. Synth. Chem., Japan 22, 755) 
(1964) . 

(52) Hay A. S., Advances In Polymer Science Vol 4, p 496-527 
(1967) . 

(53) Terent'ev and Mogilyanskii Ya.D.Dok, Akad, NauK, SSH. 
103, 91 (1955). 

(54) Hay A. S. J. Poly. Sci., 58, 581 (1962). 

(55) Endres G. F. J. Org. Chem. 28, 1300 (1963). 

(56) Endres G. F.; J. Kwaitek. J. Poly. Sci. 58, 593(1963). 

(57) McNelis. J. Org. Chem. 31, 1255 (1966). 

(58) Cooper G. H., J. Am. fhem. Soc,, 87, 3996 (1965) and 
references therein. 

(59) Mijs. W. J. et al. Tetrahedron 23, 2253 (1967). 


266 


(60) Olander W. K. (G. B. Company) U.S. Pat. 4,184,034. 
Chem. Abst. 92-147515e (1978). 

(61) OianUec W. K. (G. E. Company) U.S. Pat. 4,130,544. 
Chem. Abst. 90-104674u (1978). 

(62) Tsuyoshi N. Y. (Sumitomo Chemical Corp.) Jap., 

Tokyo, Koho, 7845840. 

(63) Nakshlo Y.j Takemura T. (Sumitomo Chemical Corp.) 
Jap., 7310959. Chem. Abst. 80-134066m (1973). 

(64) Suglo A., (Mitsubishi Gas Chemical Co.) Ger. Pat. 
2913204. Chem. Abst. 92-1359x. 

(65) Cooper G. 0., Watson J. W. (G. E. Company) Ger. Pat. 
2752867. Chem. Abst. 89-110806n (1978). 

(66) Olander W. K. (G. E. Company) Ger. Pat. 2756416. 

Chem. Abst. 89-110814y. 

(67) Olander W. K. (G. R. Company) Ger. Pat. 2756323. 

Chem. Abst. 89-1108452 (1978). 

(68) Cooper G. 0. (G. E. Company) Fr. Pat. 2J62B82. 

Chem. Abst. 89-216074n (1978). 

(69) Kzawa S., Harada K., Mizushlra K., Kasai K., Ishiraha 

M., Nakanlshi A. (Asahi Dow Ctd. ^ Pat. 73,43,799 

Chem. Abst. 80-40582 (1973). 

(70) Walter D., Schott H. ( Farb'-'^.'n ,ic .-G.) Gei*. 

Pat. 2,201,161. Chem. Abs. 00 ”3). 

(71) Kawamoto H., Ohmura H, ^ f. T . . *-* noto H, 

(Asahi Chem In.l. ) Jap. Chem. Abst. 

80-83944m ( 1973) . 


(72) Kawamoto H., Ohmura K. , Takami T., Matsumoto H. 

(Asahi Chem Ind. ) Jap. Pat. 7 3,17,396. Chem. Abst. 
80-83946p ( 197 3) . 


(73) 

Kawamoto H., Ohmura K., Matsumoto 
Jap. Pat. 73,17,397. Chem. Abst. 

H. (Asahi 
80-83947q 

Chem Ind.) 
( 1973) . 

(74) 

Izawa S., Mi/.ushiro T. (Asahi Dow F.td.) Jap. 
Pat. 73,17,398. Chem. Abst. 80-109097q (1973). 

(75) 

Tsuchida F,., Nishide H. Jap. Pat. 
Abst. 80-109099S ( 197 3) . 

7 3,79,900. 

Chem. 

(76) 

SeKitoda H., Kaneko M., Nishide M 

. ( Res«i4rc)i 

Inst. Cor 


Production) Jap. Pat. 73,11,238. Chem. Abst. 
80-134065k { 1973) . 


267 


(77) l 80 «j«wa M., SaJt'uchi T., Somemiya A., Karaki r. (Kane 
Chem) Jap. Pat. 73,24,620. Oiem. Abst. 80-1091063 
(1973). 

(78) Kasc M., Ogasawara Y., Manoura M. (Dlanippon ink and 
Chem Ltd.) Jap. Pat. 73,75,696. Chero. Abst. 
80-121504C (1973). 

(79) Nakanishi A., Izawa S., Sotoyama K., Sato K., Tazaki 
K. (Asahi DOW Ltd) Jap. Pat. 72,41,102. Chem. Abst. 
80-4283U (1972). 

(80) Bennett J. D.j Cooper G. D.; Katcheman A. (G, E. 
Company) Ger. Pat. 2,446,426. Chem. Abst. 83-80242q. 

(81) Holub F. F., Emerlck C. M. (G. E. Company) U.S. Pat. 
3,753,946. Chem. Abst. B0-27U15q (1973). 

(82) Nakashio S., Maruta I., Hayatsu K., Kono Y. (Sumitomo 
Chem Co Ltd.) U.S. Pat. I,7b7,7}0. C* em. Abst. 
80-83967W. (1973). 

(83) Izawa S., HaraJa K. (Asahi Dow Ltd) Jap. Pat. 
73,17,760. Cheia. Abst. BO-134l)74n a973). 

(84) Nakashio Y., Yakeinura Y., Maruyama T., Otta K., Seto 
T. (Sumitomo Chem Ltd) Jap. Pat. 73,10,959. Chem. 
Abst. 80-134066m (1973) . 

(85) Carr B. G. , HarroJ J. K., Van r.heluwr; P. (Chom Dept 



McGill Univ. Montrffdl Out*. ) <’in. Pat. Chem 
80-152J9k ( 197 3) . 

. Abs t . 

(86) 

Tsuchida E., Nishi<le U. Jap. Pat . M,100, 

Abst. 81-4 ’70r ( 197 t) . 

497 

Chem. 

(87) 

Bennett J. G. , Katcicnan A. ('".. E, Company) 
3,796,689. Chem. Abst. 8l-262«2r (1974). 

U. : 

Pat. 

(88) 

Mizushico T., Ishihara M. (Asalii Dow Ltd) 
73,32,795. Chem. Abst. 8l-26265n (1970). 

Jap 

. Pit. 

(89) 

Yonezawa T., Tsuruya S., Nakamae K. (Ariahi 
Jap. Pat. 73,32,794. f^hem Abst. 8l-26266p 

Dow Ltd) 
( 197 3) . 

(90) 

Kawamoto H., Ohmura K., Takami T., Hatsumoto H 
Chem Ind. Co) Jap. Pat. 73,27,750. Chem. Abst 
8l-26245f (1973). 

. t Asahi 

• 

(91) 

Gutsalyuk V. G. , Sdotinov E. l., Kt»<»lina I;. 
Chem. Abst. Bl-2599t)g ( 197 3). 

V. 

n . s . s . u . 


(92) Pol. Pat. 69,125. Chem. Abst. 81-25996*} (19M). 


(93) Cooper G. D. , Bennett J. G. (General Electric) Can. 
Pat. 956, 746. Chem. Abst. 82-58585d (1974). 

(94) Shuao T. (Mitsubishi Petrochemical Co Ltd) Jap. Pat. 
74,41,490. Chem. Abst. 82-31738u (1974). 

(95) Jap. Pat. 74,26,719. Chem. Abst. 82-73656w (1974). 

(96) Jap. Pat. 74,16,120. Chem. Abst. 82-31775d (1974). 

(97) Nalcashio A., Oosaka K., Ito S., Toyama K., Kasai Y. 
(Asahi Dow Ltd) Jap. Pat. 74,69,797. C’lem. Abst. 
82-17798g (1974). 

(98) Kase M., Ogasawara Y. (Dainippon Ink and Chemicals 
Inc) Jap. Pat. 73,102,898. Chem. Abst. 82-126043c 
(1973) . 

(99) Nakashio s., Takeraura T., Shirane H. (Sumitomo Chem Co 
Ltd) Jap. Pat. 74,117,599. Chem. Abst. 82-125871j 
(1974) . 

(100) Jap. Pat. 74,14,555. Chem. Abst. 82-4785a (1974). 

(101) Jap. Pat. 74,17,679. Chem. Abst. 82-31895t (1974). 

(102) Kawamoto H., Kimura K. (Asahi Chem Ind Co Ltd) Jap. 
Pat. 74,48,197. Chem. Abst. 83-11174z (1974). 

(103) Jap. Pat. 74,97,865. Chem. Abst. 82-589k. 

(104) Pravednikov A. N., Kopylov V. V., Cherednichenko V. M. 
U.S. Pat. 3,843,604. Chem. Abst. 83-59839x (1974). 

(105) Manecke G., Kaneko M. (BASF A.-G.) Ger. Pat. 

2,350,312. Chem. Abst. 83-59923v (1975). 

(106) Yonemitsu E., Kashiwa C., Sugio A., Konishi A. 

( Mi tt-subish i Gas Chem Co Ltd) Ger. Pat. 2,451,905. 



Chem. 

Abst. 83-115381f (1975) . 



(107) 

Jap. 

Pat. 75,09,032. 

Chem. 

Abst. 

83-1154450 

(1975) 

(108) 

Jap. 

Pat. 74,46,604. 

Chem. 

Abst. 

8 3-164867. 

•1974) 

(109) 

Jap. 

Pat. 75,22,096. 

Chem. 

Abst. 

83-28842P 

(1975) . 

(110) 

Hay, 

Chem. 

A. S. (General 
Abst. 84-5674S 

Electric) Ger 
( 1974) . 

. Pat. 2,505,328. 


(Ill) Khlebnikov B. M., Yudkin B. I. (Novosib Filial, okhtin 
Nauchno-Proizvod. Ob'edin "Plastpol imer" Novosibirsk) 
Vysokomol Soedin Ser B 17 (10) 758-61 (1975) Chem. 
Abst. 84- 31610 ( 1975) . 


269 


(112) Ger. Pat. 2,528,045. Chem. Abst. 84-l80896n (1976). 

(113) Ger. Pat. 2,527,759. Chem. Abst. 84-180897p (1976). 

(114) Nalcashio S., Ta)cemura T., Sicane H. (Sumitomo Chem Co 
Ltd) Jap Pat 75,104,298. Chem. Abst. 84-44948d 
(1975) . 

(115) Kaneko M. (Nissan Chem Ind Ltd) Jap. Pat. 75,145,497. 
Chem. Abst. 85-22108y (1974). 

(116) Nikiforova I. S., Mamadzhanova S.Sh., Bronovltskli 

V. E., Yusupov A. M., Volochkovich M. A. Chem. Abst. 
85-22155m (1973). 

(117) Ogasawara Y., Kase M., Matsuura M. (Oainlppon Ink and 
Chem Inc) Jap Pat. 75,18,919. Chem. Abst. 85-6390d 
(1975) . 

(118) Ger Pat. 2,546,621. Chem. Abst. R5-47847b (1976). 

(119) Ishlhara K., Sugle T., Ito T. (Dalnippon Ink and Chem 
Co) Jap Pat. 76,38,398. Chem. Abst. 85-63634k (1976). 

(120) Kaneko M. (Nissan Chemical Ind Ltd) Jap Pat. 

76,09,119. Chem. Abst. 85-94929cj (1976). 

(121) Chujo K., Sawada H. (Oaicel Ltd) Jap. Pat. 75,28,999. 
Chem. Abst. 85-94951 r (1976). 

(122) Pol. Pat. 79,453. Chem. Abst. 85-19326x. 

(123) Sugle T., Ishlhara K., Honda K. (Dalnippon Ink and 
Chemical Inc) Jap Pat. 76,30,899. Chem. Abst. 

85- 33707U (1976) . 

(124) Hirose M., Imamura Y., Kurahashi T. (Fac. Sci., Sci 
Unlv. Tokyo) Chem. Abst. 86-155072m (1977). 

(125) Stllle J. K., Muktimal H, (Univ. Iowa, lowaclty) Chem. 
Abst. 86-171883V (1976). 

(126) Suglo A.. Konishl A., Kawaki T. (Mitsubishi Gas Chem 
Co) Jap Pat. 76,151,800. Chem. Abst. 86-90626ra (1976). 

(127) Olander W. K. (General Electric) Ger Pat. 2,557,3)1. 
Chem. Abst. 86-55950r (197C). 

(128) Yonemitsu, E., Sugio A., Kuramoto A., Urabe U. (Mitsu- 
bishi Gas Chem Co) Ger Pat. 2,616,746. Chem. Abst. 

86- 17293b (1976). 

(129) Bennett T. G. , Cooper G. 1). (General Electric) U.S. 
Pat. 4,032,512. Chem. Abst. 87-5J882s (1977). 


270 


(130) Schouten A. !•, Wiedijk D,, Borker.t I., Challa G. (Lab 
polmer chera state univ. Groningea Neth.) Chem, Abst. 
3^ -b44^)S (1977). 

(131) Semsarzade M. A., Price C. C. (Dept. Chera Univ Pen- 
nsylvania, Philadelphia, Pa) Chem. Abst. 87-6428p 
(1977) . 

(132) Apostolov S. A., Mikhailova G. F., Monakhova L. A. 
(North-Western correspondence polytechnic institute) 
U.S.S.R. pat. 576,325 Chera. Abst. 87-202341u (1977). 

(133) Yoshimura T., Storck W., Manecke G. (Fritz-Haber inst 
Max-Planck Ges., Berlin, Germany) Chem. Abst. 
87-136442Z (1977) . 

(134) Olander W. K, (General Electric) Ger. Pat. 2,702,294 
Chem. Abst. 87-118730n (1976). 

(135) Jap Pat. 77,144,097 Chem. Abst. 87-122130e (1977). 

(136) Sotoyaraa K., Kobayashl M., Imaraura T., Izawa S., 
Nakanishi A. (Asahi Dow Ltd) Jap, Pat. 77,144,098 
Chem. Abst. 88-12213U (1977). 

(137) Cooper G. D. (General Electric) U.S. Pat. 4,059,568 
Chem. Abst. 88-51389h (1976). 

(138) Olander W. K. (General Electric) U.S. Pat. 4,075,174 
Chem. Abst. 88-137408a (1978). 

(139) Fujino K. (Mitsubishi Monsanto Chem Co) Jap. Pat. 
77,152,498 Chem. Abst. 88-153255d (1977). 

(140) Bennett J. G. Jr., Cooper G. D. (General Electric) Ger. 
Pat. 2,738,889. Chem. Abst. 88-153543w (1978). 

(141) Cooper G. D. , Floryan D. E. (General Electric) Ger 
Pat. 2,755,937. Chem. Abst. 89-90645d (1978). 

(142) Olander W. K. (General Electric) U.S. Pat. 4,083,828. 
Chem. Abst. 89-44435n (1978). 

(143) Rutledge T. F. ( ICI Americas Inc) U.S. Pat. 4,065,434 
Chem. Abst. 89-44421e (1977). 

(144) Kawamoto N., Omura K. (Asahi Chem Ind) Jap. Pat. 
78,12558 Chem. Abst. 89-602fi6p (1978). 

(145) Bennett J. G.; Katchman A. (G. E. Company) U.S. Pat. 
3796689. Chem. Abst. 81-2h2H2r (1974). 

(146) Banned E. G. Olander, W. K. (General Electric) Ger. 
Pat. 2,756,377 Chem. Abst. 89-90467 (1976). 


271 


(147) Rutledge T. F. (ICI Americas Inc) U.S. Pat. 4,098,766 
Chem. Abst. 89-198273v (1978). 

(148) Cooper G. 0. (General Electric) Fr. Pat. 2,362,882. 
Chem. Abst. 89-216074n (1978). 

(149) Olander W. K. (General Electric) U.S. Pat. 4,102,865. 
Chem. Abst. 89-216075p (1978). 

(150) Banucci E. G., Olander W. K. (General Electric) Ger 
Pat. 2,750,699. Chem. Abst. 89-110343x (1978). 

(151) Olander W. K. (General Electric) Ger Pat. 2,756,416. 
Chem. Abst. 89-110844y (1976). 

(152) Olander W, K. (General Electric) Ger Pat. 2,756,323. 
Chem. Abst. 89-1108452z (1976). 

(153) Tsuchida R.; Nishide H. Japan Kokai, 737990 
Chem. Abst. 80-109099 (1974). 

(154) Johnson, R. N. et al J. Poly. Sci. Part A-1 5(9) 
2375-2527 (1967). 

(155) Schulze S. R. and Baron A. L. Adv. Chem. Series 
91 589 (1969) . 

(156) Rose J. B. Polymer, 15, 456 (1974). 

(157) Sykes. P. A. "A guide book to mechanism in organic 
chemistry", Halsted Press (1975). 

(158) Heppoletti R. L. and Miller J. J. Chem. Soc. p 2329 
(1969) . 

(159) Oae.S. and Khim, Y. H. Bull. Chem. Soc. Japan 40 
174 (1967) . 

(160) Fr. Pat. 1,444,030 Chem. Abst. 66-56298h (1966). 

(161) Neth. Pat. 6,611,726. Chem. Abst. 67-44960a (1967). 

(162) Union Carbide Corporation (by Bruce P. Barth) Pr. Pat 
1,490,081 Chem. Abst. 68-69707g (1968). 

(163) Union Carbide Corporaton (by Bruce P. Barth and 
Edward G. Hendricks) Fr. Pat. 1,462,501 Chem. Abst. 
68-88283g (1966) . 


(164) U.S. Pat. 

3,455,M68. 

Chem. 

Ah ‘it. 

7 1-7 1447c 

( 1969) . 

(165) Ger. Pat. 

2,436,107. 

Chem. 

Abst. 

82-17172410 

(1975) . 


272 


(166) O'Shea F. X., Cornell R. J. (Uniroyal Inc) Chero. Abst. 
82-86847j (1971). 

(167) Jap. Pat. 75,36,598. Chem. Abst. 83-98396v. 

(168) Cornell R. J. (Uniroyal Inc) Ger. Pat. 2,038,516. 

Chem. Abst. 75-50012z (1971). 

(169) Attwood T. E., Rose J. B., Lennox A. F. (Imp Chem Ind) 
U.S. Pat. 905,009. Chem. Abst. 78-44699z. 

(170) Studinka J., Gabler R. (Inventa A.-G. fuer Forschung 
und patent verwertung) Ger. Pat. 2,220,079. Chem. 
Abst. 78-44219t 

(171) Vinogartc v-a, S. Y.; Korshak, V. V. and Salazkin, S. N. 
Soedin See A, 14(12) 2534 (1972). 

(172) Khattab G. (Allied Chemical Corp) U.S. Pat. 3,723,389. 
Chem. Abst. 79-79490x (1973). 

(173) U.S. Pat. 2,436,167. Chem. Abst. 82-171724 (1973). 

(174) Reitburd L. I., Baicher L. A., Semenkova A. E., 
Kuznetsova A. G., Bychkova V. A. U.S.S.R. Pat. 

491668 Chem. Abst. 84-60627d (19V'''). 

(175) Rose J. B. (Imperial Chem Ind Ltd) Ger. Pat. 2,425,166 
Chem. Abst. 82-112453z (1973). 

(176) Akutin M. S., Reitbard L. I., Semenkova A. E., 
Tikhonova M. A., Korshak V. V., Vinogradova S. V., 
Salazkin S. N. iJ.S.S.R. Pat. 495336 Chem. Abst. 
84-90779X (1974) . 

(177) Hara S., Taketani Y., Mori K., Senoo M. (Teijin Ltd) 
Jap. Pat. 75,149,799. Chem. Abst. 84-151481t (1974). 

(178) Beridze L. A., Kutateladze M. K., Papava G.Sh., 
Tsiskarish vili P.D. (Inst Fiz Org. Khim. im. 
Melikishvili Tijlis) Chem. Abst. 85-160578c (1976). 

(179) Beridze L. A., Kutateladze K. K., Papava G.Sh., 
Tsiskarish vili P.D. Chem. Abst. 86-107135s (1976). 

(180) Ger. Pat. 2,635,101. (ICI United States Inc.) 

Chem. Abst. 86-156203e (1977). 

Blinne G., Cordes C. (HASP A.-G.) 

Chem. Abst. 87-102832m (197/). 


(181) 


Ger. I’at. 2,55 7,552. 


273 


(182) Taylor I.C. (Imperial Chemical Industries Ltd) Ger. 
Pat. 2,733,905. Chem. Abst. 88-137183y (1978). 

(183) Cinderey M. B., Rose J. B. (Imp Chem Ind) Ger. Pat. 
2,803,873. Chem. Abst. 89-14'’39Rn (1978). 

(184) Imperial Chemical Industries Ltd. Jap. Pat. 78,12,991. 
Chem. Abst. 89-44411b (1978). 

(185) Ger. Pat. 2,749,645. Chem. Abst. 90-40110w 

(186) Imai Y., Veda M., li M. (Fac. Eng., Yamagata Univ. 
Yonezawa, Japan) Chem. Abst. 90-187398j J. Poly, Sci, 
Poly Lett Ed. 17(2) 85-9 (1979). 

(187) Aoyagi T., Yagi N., Matsumura H., Kishi I. (Denki 
Kagaku Kogyo K. K.) Jap. Pat. 79,13,889. Chem. Abst. 

90- 205l56k (1979) . 

(188) Makromol Chem. 1978, #179, (2) p 2989-91. 

(189) Brzozwski Z., Rokicki G. (Pclitchnika warszawska) 

Pol. Pat. 85,252. Chem. Abst. 90-35450e (1973). 

(190) Hartmann L. A. (ICI Americans Inc) U.S, Pat. 4,156,068 
Chem. Abst. 91-75088x (1979) . 

(191) Yagi N., Matsumura H., Aoyagi T., Kishi I. (Denki 
Kagaku Kogyo K. K.) U.S. Pat. 4,110,314. Chem. Abst. 

91- 75077t (1978). 

(192) Freeman J. L. , Rose J. B. (Imp Chem Ind) U.S. Pat 
9,66,006. Chem. Abst. 91-57826g (1975). 

(193) Rose J. B. (Imp Chem Ind Ltd) Brit Pat. 1,558,671. 
Chem. Abst. 92-18l877j (1980). 

(194) Rose J. B., Stainland P. A. (Imp Chem Ind Ltd) Chem. 
Abst. 92-42599g. Eur. Pat. Appl 1,879 (1977). 

(195) Honda T., Hosono Y. (Mitsui Toatsu Chem Inc) Jap. Pat. 
80,13,702 Chem. Abst. 93-27070e (1978). 

(196) Keeley D. E. (General Electric) Ger. Pat. 2,948,642. 
Chem, Abst. 93-133317a (1978). 

(197) Suter C. M. (1944) "The Organic Chemistry o£ 

Sulphur" p 673. 

(198) Vogel H. A. Brit. Pat. 1,060,546 (1963). 

(199) Cohen S. M. and Young R. H. J. Poly. Sci. Part A-1 
4-722 ( 1966) . 


274 


(200) Cudby M. B, A. et al. Polymer, 6, 589 (1965). 

(201) Ivin K. J. and Rose J. B. Advances in Macroroolecular 
Chemistry. Vol 1 , p 336 (1968). 

(202) Von R. Gabler and J. Studinka: Chimia 28,567 (1974). 

(203) Barbieri G. et al J. Chem. Soc. C.659 (1968). 

(204) Hiskey R. G. and Harpold M. A. J. Org. Chem., 32, 3191 
(1967) . 

(205) Kattebol S. et al J. Org. Chem. 32,3111 (1967). 

(206) Modena G. and Todesco P. E. J. Chem. Soc., 4920(1962). 

(207) Henbest H. B. and Khan S. A. Chem. Comm. 1036 (1968). 

(208) Ogata Y. and Suyama S. Chem. Ind. (London) 707(1971). 

(209) Hoy L. R. J., Rose J. B. (Imp Chem Ind) Ger. Pat. 
2,637,403. Chem. Abst. 86-156205g. 

(210) Dahl K. J. (Raychem Corp.) Ger. Pat. 2,635,895. 

Chem. Abst. 86-156206h. 

(211) Ger. Pat. 2,425,166. Chem. Abst. 82-1224453z. 

(212) Brown H. A., Vogel H. A., Sandberg C. L. (Minnesota 
Mining and Manafg Co) U.S. Pat. 3,772,248. Chem. 

Abst. 80-83915C. 

(213) U.S. Pat. 904,027. Chem. Abst. 305152. 

(214) Chem. Abst. 82-125810p (1974). 

(215) Jap. Pat. 75,36,598. Chem. Abst. 83-98396v. 

(216) Brit. Pat. 1,414,423. Chem. Abst. 84-15l422z (1973). 

(217) Brit. Pat. 1,414,421. Chem. Abst. 84-151421y (1973). 

(21G) Brit. Pat. 1,414,424. Chem. Abst. 84-151423a (1975). 

(215) Ger. Pat. 2,637,403. Chem. Abst. 86-156205g (1977) 

(220) GP 2,612,755. Chem. Abst. 86-90837f (1976). 

(221) Verborgt, J. Marvel C. S. J. Poly. Sci.; Poly. Chem. 
Ed. 11(1), 261-73 ( 1973) . 

(222) Siv jramakrishnan K. P. , Marvel C. S. J. Poly. Sci.* 
Poly. Chem. Ed. 12(9), 1945-52 (1974). 


275 


(223) Bruma, Maria; Marvel C. S. J. Poly. Sci.; Poly. Chem. 
Ed. 14(1) 1-6 (1976) . 

(224) Marvel C. S., Samyn. C. U.S. Pat. 3,935^167. Chem. 
Abst. 84,151438j (1976) . 

(225) Huang P., Marvel C. S. J. Poly. Sci.; Poly. Chem. Ed. 
14( 11) 2785-90 (1976) . 

(226) Frentzel R. L., Marvel C. S. J. Poly. Sci.; Poly. 
Chem. Ed. 17 1073-87 (1979). 

(227) Swedo, R. J., Marvel C. S. J. Poly. Sci.; Poly. 

Chem. Ed. 17(9) 2815-24 (1979). 

(228) Marvel C. S. Contemp. Top. Poly. Sci. 3,7-12 (1979). 

(229) U.S. Pat. 3,579,475. Chem. Abst. 75-37327rn. 

(230) U.S. Pat. 3,758,436. Chem. Abst. 80-27940V. 

(231) Kwaitkowski G. T. et al, J. Poly. Sci. Poly. Chem. 

Ed. 13(4) 961-75 (1975) . 

(232) Nielsen L. E. J. Appl. Poly. ;ci. I, 24 (1959). 

(233) Stuart H., Markowski, G and Jeshke, D 

(234) Kuntstoffe, 54, 618 (1964). 

(235) Hopkins J. L. , Baker W. 0. and Howard J. J. Appl. 
Phys. 21,206 (1950) . 

(236) Kamoour, R. P. d. Poly. Sci. A-2, 4, 349-353 (1966). 

(237) Kambour, R. P. d. Poly. Sci. Macromol Rev. (D) 7 
1-151 (1973). 

(238) Gent A. N. d. Mat«=rial Sci., 5,925 ( 1970). 

(239) Gent A. N. 19{ Mechanical Fracture, ASME, Winter 
Annual Meeting) 55-68(1976). 

(240) Robeson L. M. Union Carbide Corp. Private 
Communication. 

(241) Rebenfeld L. Makarewiez.P.d . , Weigmann, d. D. , 

Wilkes, G. L. d. Macromol. Sci. Rev. Macromol. Chom. 

C 15( 2) , 279 ( 1976) . 

( 242) Fox T. G. Hull. Amor. Phy.sics Soc. , 2-123 ( 1966). 
(243) Wood, L. A. d. Poly. Sci. 28, 319 (1950). 


ORIGINAL PAGE U 
OP POOR QUALin 


276 


(244) Johnston N. W. and Harwood H. J. J. Poly. Sci., C22 
591 (1969). 

(245) Johnston N. W. and Harwood H. J., Macromolecules, 
2,221 (1969). 

(246) Johnston N. W. Poly. Prep. 10(2), 609 (1969). 

(247) Mayo P. R. and Lewis F. M. J. Am. Chem. Soc., 66 
1594 (1944) . 

(248) Merz E. Alfrey T. and Goldfinger G. J. Poly. Sci. 

1, 75 (1946) . 

(249) Frensdorf H. K. and Pariser, J. Chem. Phys. 39, 

462 (1948) . 

(250) Frensdorf H. K, Macromolecules, Vol 4, No 4 (1971). 

(251) Ham G., J. Poly. Sci., 2A, 3533 (1964). 

(252) Beste L. F. J. Poly. Sci., Vol 36-343 (1959). 

(253) Nikonov V. Z., Sokolov L. B., Babar G. V. et al. 
Vysokomol Soyed All, 739 (1969). 

(254) Kuchanov S. I. Vysokomol Soyed A15;No.9, 2140-2152 
(1973) . 

(255) Krause S. J. Poly. Sci., Part A-2, 1, 249 (1968). 

(256) Krause S. Macromolecules, 3,84 (1970). 

(257) Krause S. and Reismiller P. A. J. Poly. Sci., Part 
A-2, 13 (1975) . 

(258) Krause S. "Block and Graft Copolymers", Burke J. J., 
Weiss V., Eds., p. 143, Syracuse Univ., Syracuse, 
(1973) . 

(259) Meier D. J. "Block Copolymers", Moacanin J., Holden G. 
Tschoegl N. W, , p. 81, tnterscience, New York (1969). 

(260) Meier D. J. Poly. Prepr., Am. Chem. Soc., Div. Poly. 
Chem. 11, 400 (1970) . 

(261) Meier D. J. "Block and Graft Copolymer", Burke J. J., 
Weiss V., Eds., p. 105, Syracuse Univ., Syracuse 
(1973) . 

(262) Meier D. J. Poly. Prepr., Am. Chem. Soc., Div. Poly. 
Chem. , 14, 280 ( 1973) . 

(263) Meier D. J. J. Appl. Polym. Symp. , 24, 67 (1974). 


277 


(264) Htlfand E. Polym. Sci. Technol., 4, 141 (1974). 

(265) Helfand E. Nacromolecules, 8, 552 (1973). 

(266) Helfand E. and Wasserman Z. Polym. Eng. Sci., 

17, 582 (1977). 

(267) LeGrand D, G. Polym. Prepc. , Am. Chem. Soc., Oiv. 
Polym. Chem., 11, 434 (1974). 

(268) Lewis P. A. W. , Goodman A. S. and Miller J. M. 
"Pfeuedorandom number generator for the system 1360", 
IBM System Journal, 8(2) 1969, 136*-46. 

(269) Williams F. J., et al. J.O.C., 42, 3425 (1977). 

(270) Williams F. J. and Donahue P. E., J.O.C., 42, 3414. 

(271) Williams F. J. et al. .T.O.C., 42, 3425 ( 1977). 

(272) Fieser L, P. and Pieser M. Reagents Cor Organic 
Synthesis, Vol 2, John Wiley Press (1979). 

(273) McGra th J . E . , Wa rd T. C., Shchori E., Wunk A . J . 
Poly. Eng. Sci. (1977) 17(8), 647. 

(274) Morgan P. W, , "Condensation Polymers by InterCacial 
and Solution Methods", Interscience, New York, 1965. 

(275) Morgan P. W. , Macro mol. (1970) 3,536. 

(276) Belgian Pat. 633,236. Chem. Abst. 60-14436C. 

(277) German Pat. 1,251,334, Chem, Abst. 68;77956C. 

(278) Cooper S. L. and Estes G., editors, ACS, 1979 
"Multiphase Polymers". 

(279) Viswanathan R. and McGrath J. E. Presented at ACS 
Southeast regional meeting, Oct., 1979. 

(280) Billmeyer F. Text bo<jk of noiymer Science, Intersci- 
ence (1971) . 

(281) Wnuk A. J.; Davidson T. F. and McGrath J. E. 

J. Appl. Poly. Sci., Appl. vymp., 34, 89 (1978) 

(282) Alexander, X-ray diffraction methods in polymer sci- 
ence, Wiley Interscience, John Wiley and Sons, Inc. 
(1969) . 

(283) Storozhuk I. P, et al, Vyaokomol Soyed. Al9, 8 
(800-06) (1977). 


278 


(284) Martin D., Hauthal H. G. Dimethyl sulfoxide, John 
Wiley and sons, New York (1975). 

(285) Randall J. C. Polymer Sequence Measurement, Academic, 
NY (1977). 

(286) Levy G. and Nelson G. C*13 In Organic Chemistry, 

2nd edition, Academic, 1981. 

(287) Bovey F. , NMR of Macromolecules, Academic, 1972. 

(288) Sllversteln R. M., Bassler G. C. and Morrill T. C. 
Spectrometric Identification of Organic Compounds, 

John Wiley and Sons, 3rd ed. (1974). 

(289) AuraroM., Mateeicu G. H. Infrared Spectroscopy, 

Wiley Interscie,’'. e, NY (1972). 

(290) Allen G., McAnish J., Strachieloe C. Eur. Polym. J, 
Vol 5(2), pg 319-34 (1969). 

(291) McGrath, J. E. Personal Communication (1978). 

(292) Ryan J. T., Polym. Eng. Sci. (1978) 18(4), 264. 

(293) Comes P. L. , Smith K. , Hayward R. N. J. Polym. Scl. 
Polym. Lett. Ed. (1977) 15,955. 

(294) Hayward, R. N,, ed., The Physics of Glassy Polymers, 
Halstead, London, 1973. 

(295) Robeson L. M., Farnham A. G., McGrath J. E., 

Appl. Polym. Symp. (1975) 26,373. 

(296) Matzner M., Noshay A., McGrath J. E., Trans. Soc. 

Rheol (1977) 21(2) , 272. 

(297) Wnuk A. J., Ph.D. Dissertation, VPI and SU, 1980. 

(298) Shchorl E. and McGrath J. E. Appl. Poly. Sci.; Appl. 
Polymer Symposium 34, 103-117 (1978). 

(299) McGrath J. E., Ward T. C., Shchori E. , Wnuk A. J. 
and Viswanathan R. , "Multiphase Polymers" 

Cooper S. and Estes G., editor, ACS Symposium Series, 
1979, p 289. 

(300) Lee L. H, "Adhesion of High Polymer IV. Relation- 
ships between surface wotting and bulk properties of 
high polymers" in R. K. Gould Ed., Advances in 
Chemistry series, 1975. 


(301) Petke F. D. and Ray B. R. Colloid Interface Science 
31, 216 (1969); Ibid 33, 19S (1970). 

(302) Karz J. E., Woodbrey <3. C., Ohta M. J. Polym, Sci. 
Polym. Phys. Ed. (1970) 8, 1169. 

\303) Nielsen L. E. "Mechanical Properties of Polymers" 

Re inhold, London, 1962. 

(304) Locati G., Tobolsky A. V. Adv. Mol. Relaxation 
Process (1970), 1,375. 

(305) Watts D. C., Perry E. P. Polymer (1978) 19,288. 

(306) Aoki Y., Brittain, .7. 0. 7. Polym. Sci., Polym. Phys. 

Ed. (1976) 14,1297. 

(307) McGrath J. E. , Matzner M., Robeson L. M., Recent 
Advances in Polymer Blends, Grafts and Blocks, 

Sperling L. H., ed.. Plenum, NY (1974), p 195. 

(308) Dwight, D. W., McGrath, .7. B. , Wiqhtman, 7. p. 

.7. of Appl. Polym. Sci., Appl. Poly. Sci. Symp., 

34, 35-47 (1978). 


APPENDIX 


COMPUTER PROGRAM: 


MONTE CARLO SIMULATION 



Q?onv JO idAi 






CCLtc 


284 


o 

• *4 
^ ft 

D • 

C2 

or« 
^ o 

ft ^ 
ft 

ft ^ 

^ ^ o 

or «« ft 

ft o o 

(V «4 
J K ^ 

• > o 

3 ft ft 

ft «Hk <i« 

or cn *0 


^ D O 

O. < -4 


N OC > 

tt. K < 

ft ft ft 


< 

oc 


o 

«4 O 


Oi p O - _ 
ft ^ Q OJ 
^ W) 


oc 

Oi 

4) 


«/) 

2 

O 


o 


c 


X 

H 

flC 

O 

4L 

a 

Ul 

9 


o 

►■ fti 

< X 

ss 

JU. 

X ^ 
^ Q 
< 
Oi p4 

X X 

X u. 

< 

I* 0^ 
Z JJ 

3S 


ft ft (/> o 

o 



mi 




rs* CL ^ H 

0. 



> 




a ftO ftX 




O uj 




O -ft ^ O iO ^ 

ac 



X X 




< m Q O M Z ♦ 

ui 



< K 

O 



ft i^ Z ft4 1/) D ^ 

»— 


o 




A 

^ ^ ft ^ M 0^ Z 

Z 


O O 11 

Z 

ft 


ft o 

o Z ^ or ^ o 3 

D 


M <1 -ft 

► o 


o 

1 

u 

0 

O ^ UU Z -► X 

n 

o 

^ ^ 

< 


o 

11 

<ZftN»aCft«N ^ 

o 

ft ft 

1 •> ft 

X o 

HOC 

<1 

H 4 11 

0*0 ftOuOft^pZ 
oc»^^-ft Oiftiiir 


A4 ^ 

ft ft p4 

OC Oi 


11 


< 

11 u 

h4 M 

< i/> 

-4 II II 


-> -ft -ft -> 




^ ^ Q 

< 


p4 

n n ft 


•4 

N M 

SS^ 

m A 
> 

Q A i«« V 

o ^ Nft a 

Q ft ft ^ 

S p 4 i>4 ^ 

^TQUO<cCXsC 



►- >ft o 

3 V 


jr>- 

ftF — Q 

2M4HNi0U40Xfi 

(/) 

o o 

> 3 r- 

iA 

o ^ or ^ 4/> 

o > an* 

N4Q</) ftOO^IiLZZ 

z 

o o 

< «/> (/) 

< < 

O X 

1- ►- 

O < </) 40 

^ N 

5 



Z 




O -4 

X 


fNJ 

oi Z 



o 

o o 

X) 



X 3 





z 



f- ^ 





^ ^ w> Vj 


O ■- 


^ Kj ^ 


THk ARRAYS AbOVt ARt USED FOR THE SUHNARY BASED ON THE NUMBER OF 



THE ARRAY N CUNTAlN^ THE NUMOERS OE EACH TYPE OF NOLECULE 


286 


</> 


♦ 

QC 


o 

< 


z 

1 

c 

oi 

N* 

>• 

U> 

0. 

o 


0. 


i-« z 

o • 

o 3 

X 

Q O 

>• 3 

< O 


< 

M uj 

Z O II II 

w ^ 

< A Z 

p-« 

Z II Z II of 

A O 

II T ^ Q _ 


- o □ z o 


«M ^ ^ 9 u 

◦ < 

«A «« •# O O 

Of 

Z Z Z Z < <J 

X 3 
O 
41 ^ 

r < 

>- o 


00 

X 

♦ 

z 

♦ 

♦ 


z 

♦ 


f 

3 

mm 

z 

# 

X 

% 

u 


oc 

flL 


N «/) 

— < 

2f 0. 

# or 
a. 

2# 

# a. 

N 

H il 

►- 

I < ^ 
li. ^ 

cc cc 

<V iSL 


K r 

< in 
eL 

X # 

O. N 

# 

N » 

O 

U 

^ < 

^ UL 

cc cc 
X Cl 


<n 

z 

# 7 

>- z 

li» 

ac < 
a. tjL 

u £ 

N 


^ -R Z 


f 

I 

!n 

iM 

z 

♦ 

N 


z 

♦ 

fn 

z 

♦ 


tn 

z ^ 

» D 

K ^ 

UU * 

CC ^ 
X Of 

» # 
N # 

H il 


4^ ^ 


X aC 
X X 


dL 0. 


O — 00 

^ z 

fsl 

N < wO 

<ar u. < 
# oc a. 
M a. z 
M N X 

»- a 

k/i ^ ^ 

< 30 > 
*i» ^ ^ 

ccoccc 

XXX 


If 

< <n 

X — 

Sff 

* N 

iM X 
« 

M N 
II 


I 

7 

lA ^ 

Is^ff 

<n z - - - 

»• Z <M <♦> 

z » t 

• A Z f 
f<4 -> »* 

«* # Z # 3» 
• (M * 

II • 3 ,M 
7 H II 


O #4 (M ^ lA 

pi« p4 ^ ^ p4 ^ ^ 


oc or 

X X 


Z of Of « 
X XXX 


^ o 


J ^ 


ORIGINAL PAGE IS 
OP POOR QUALITY 


i 

I 

1 

] 

] 

] 

I 

I 

I 

! 

I 


I 

I 

I 

I 

I 

1 

1 

f 


1 
, i 




i 




I 


I 


I 


I 


I 


E 


r 

r 


r 


287 


f 

a 

# 


z 

» 


? 

0m 


m 


2 

♦ 


♦ 

<N 


Z 

♦ 


z 

♦ 


z 

♦ 


z 

♦ 




f 


z 

¥ 


I 


z 

♦ 









N 



























00 




Mh 

04 






f\ 

o 











z 

0m 

p4 


m0 




a 






A 

m0 

«» 











♦ 

> 



z 



if% 


z 





t 

z 

r 


z 

z 










z 

A 

4 



00 

z 

• 

tNJ 



0m 


# 

# 

00 

— ' # 

# 

rM 







-< z ♦ 

f>j 

0m 



Z 

V 





rm 

r r- 



z ?- 






0m 



^ # 

A 





w 



z 



^4 

» 

y> 

<-4 


# i/I 


Z 



X 

r- 





z 




0m 


H 

# 

00 

r» 


p» 

< 



F- < 


» 

^0 

X 

X 


{/I 

z 


# 

z 



f^ 

00 

«iA 


✓) 

s/'l 

z ^ 

X 


z 

VI X 



</) 

y> z 

z 

< 

< 



z 

A 




m0 

if 

#-4 

< 

< 

# 


at 

z 

» 

< at 

z 

<M 

< 

< # 

t 

a. 


z 

# 

r* 

* 

o 

o 

z 


X 

X 

X X 

X 

? 

3 

X X 

» 


X 

X X 

A 

QC 

a: 

N 

» 

^4 


N 

• 

• 

# 


w 


.Y 

Y 

# 

X 

* 

A 

» 

at ♦ 

CM 

00 

at 

Y 

♦ 



0. 

«IA 

3 a. z 


o 

3 

1. 

3 a 

Z X 

X 

i 

X 

N 

3 

N 

X M 

X 

Z X X 

M 


# 

# 


# 

# 

# 




* 

» 

t 

» 

» 

# 




# 



# 

# 

# 

* 


z 

Oi 

3 

II 

N Oi <L 

II 

ii 

II 

N 

N 


>4 

X 


II 

u 

II 

r 

II 

M 11 

t 

M X 

3 

II 

H 

p- 

N 

0m 

II 


II 

II 

II 

A 

A 



II 

II 

II 

0m 

II 

r» 

II 

II 


0m 


II 



il 

II 

p— 

II 

II 

1- 

:2 

o 

h- 

oo 


o 

0^ 


n 

4* lA 

0 ;/> OD 

O' 


o 

0* 

.N 


:?4; 

A ^ 

40 r** 

yl 

m4 

fH 



N 

N 

N 

N 

r^ «>J 

N < 


>4 

< 


•0 


< 


< 

fO 


< 

liL 





w 


m0 

00 


m0 

m0 


UU 

•-* 

<«p 

X 




X 



X 



X 

Of 

0^ 

OC 

at 

oc 

at 

at 


at 

Ot 

or 

X 

at 

Qt 

Qt 

at 

cr 


ot ot 

or 

Qt at 

Y 

at 

or 

at 

Y 

a. 

0. 

Ou 

a. 

Q. 

a. 


a. 

^ a 

a. 

X 

a 

iX 

X 

X 

X 

X 

X 

X 

X 

XXX 

X 

X X 

X 



PRtBbl = PRI-ASl • NI3) 
PHC3VI = e*PRPAST*m&| 
PR (6) 
PKFAbI = 


PRI41I s PRMS1 • NI8) 
« 2 «PRFAST^I 9 I 
PRl93)»2*P2«Nt9l«HI II 
PR( 44 )sb*N( 9 )PNI 2 > 



.#4 w 4 } w « • «» 

• z lA-z • • -n^Z z 

f —z# <M N -•# f -* 

* Zf---- ZZ»- — (n 

*-».nzz-***^<*)<^ 

• CO^H 

mt (O lA « «> — *• «• Pi 4 V) ^ U. «• Z 

•» z Z ^ QC ** Z 

<N«ae • 

'adLCLOO^ 7a<«Z'»z«aa.aN*»ar'*or 
» ##*ix*oc#ac ac#oe 

I .>i ll II II li N >i (M a. & a. Jf A. II II II II iX >M Oi N 

II M H H II II U II H ll II U 


^^^<Axim/i'Atn}^ii>iniA 3 < 4 > d' 08 -A«< 4)3 


aeofaeciraeacaeefafoeafacaeQCaeacacaeaeofaeaeaeacaeaeaecie 

a.&ika.^a&a.u.xaa.a.a.a.&&^^Q.Q.a.x&aacta. 




I 

I 

I 



i 

I 


I 

I 

I 

I 

l 


i 


lA 

0 

1 


ac 


i 


[ 

r 

i: 

i: 

1 

I 

I 

r 






XI 














< 














ac 




• 



% 

J 







X 

-n 



o 



X 

4 

eO 


• 



X 

2 

2 


#4 




♦ 

X 









o 



sjj 

«4 

o 





£ 



z 





2 

z 


z 




-• 7 

3 II 

• 

:> 



oc 

m ^ 

p4 

9m 

A 



01 

«4 






fm 

a o •» 

o ^ 

A 




X 

T 

^ 2 

< O 

A 



< 



u. — 

:) 


ar: 


3 3 

0 

(at 

€ 



o 

^ 2 

O 2 

Ol O 


5 

♦ 

oi 

^ -4 

«4 

^ ^ ^ 




Q 

3 0 4 

O 3 

♦ ^ 0m ^ 

yy 

V 

m4 

3 

• • 4 • 

♦ 3 • 

^ ^ O 

f4 

o ^ 

3 1 

4 

3 Jl f J 

3 ^ 3 

^ ^ ^• ot 1 • 

»• 


h* M 


4l 44 2 -0 

04 2 Xi 

at » a 

•4 

•» ^ 


OJ 

• • p4 • 

1 f4 • 

tl 0. #4 ^ ^ ^ ^ 



y X 

jt 

N 4 V 2 2 

3 N 2 2 

H O M X «» JT • 

«4 

II a 

M a. 

< • 

^ P* l« p4 M 

^ »4 «i4 


<9D 

^ II 

-4 II 


3 2 2 4 4 

2 2 3 0 


5 


JD 

:23 

< M II ««t 

M 2 -4 

p4 ^ II #4 
II 2 

— C T r~ - 

3 



-1 >- 

Z f4 

Z 

oeoc303Z«ii> 

at 

3 <r 

3 Ot 

3 >1 

0. X ^ 4 0. 

X ^ da Xi 


Z 

0X30. 

a oi 

iM < ii4 «4 

M da 





^ 3 



4 

ii 


O 



3 


£ 



J u 




•• 



X .r 




J -) 



^ .) o o 





i 

I 



lU IF aMTC.tk.a>(»b TO 11 
C1N*1N1/1N1C 
IClNsclw 

IF (lCl^*i.l...ClN} Nl lO)>MllOKNCi» 


AMtK Int SPtClF^lfcU NUMttfcR 01- ttUNU!» IMFuRMATlON IS STORED FUR THE 
SUMMARY . 


290 


X 

\k 

D 

Ul 

X 

Q 


# 

# 


X 

oe 

◦ 


O ^ ^ 


V 

K M 

N N 

-• -) ♦ 

-» -• # ♦ # 

^ a # ♦ 

o < - 

3 J --****** 

h» 4 ♦♦♦♦♦♦#♦ M 04 

o 

:d Kr- 

-4 -• OC — O m4 

!!• OMHHMUUMHIIi^ 

j -14 ^ • a ^ # 

— — -*ll 

• X -u ^•OJ 

04 X O • 

2 ^ O 0\L 3>3>>>a33fle</)u^X 

^ N 4* JO *n 

C 0 o ^ c 

9 


/I 

a 

< 


-A 

li 

04 

M 

M 

K O 


4* 

#14 

o 


o 

3 


a 

»H oJ 

• 

^ N 
li ^ 
M IL 


X 

UJ 

X 


a 

44 


X 

y> 

U4 • 

£ 

#- > 

X 
X < 

^ X 
^ X 
0. O 
< ^ 

^ O o 


ORIGIN ALP^'Oyi 

0? I’ooa 


I 

I 

I 

I 

1 

1 

1 

I 

I 

I 

I 

I 

I 

I 

I 

I 

1 


I 

I 

I 



r 

I 




I 




291 







id 




lAl 








Vd 

»>l 



M 

# 



a 

« 



M 




A 

•- 




¥» S 



> 

V -• 
;2 



a4 

1 

^Q 



3 

O < 



Z 




< 

•m ac 



or 

OC 1- 




♦ ♦ 


< 


m ^ 


JT 


-» ^ 

3 


z 

m » 

# 

or 

oi 

m M 


z 

#- 


o 

* 

4/) 

n O 

p^ 


V 

or or 


4k 


#• 

CO 

li 


55ir 

<£ 

</) 

D 

If 

<91 N « ^ 

d 

M A 

tm 

• A 4» M 

• 



n n • 

a 

A 

z 

^ ^ H # » O oi 


Pi^ 

:d **^ -^ *^ *^ ? 

• 

3 or 


z H 

S ^ 



^ Q ifS Q O ^ 

3 

M 


K f» ^ 5 or 

^ II 

-4 _ 

z 

z >• >- • 

«# 

J z 

4 

O O O > 9 Q 

Ik or 

< o 

Z 

%j ^ a < A z 

^ z 

a or 

o 

<M ^ *n 



ii 


«n«A lA<l^tA4f\'/\i^^1/^ll^tA4A^^«AlAll\ 

noonoaoDOOo^rsrjjcaco 

pm fm pm fmpmtmtmfmpm^pm 

inoooooaooooooooooo 

s3 tj^ vd vd ^(3 id ^ 

liiisiiiiSiiiiiiiij 

• •••••#••••«••••«•• 

pm JJ ^ jMUi\AiyU4^MJ(J\mt^ijJU^U^ Ai 

• ••••••••••••••§•#• 

czcrfcci:cs&a.cxs:sxi:s 

^aC9Csc^ecaCstocotj:accc9tcCQCccUac 


a.a.a.^tik^yLiks^iL(^a.a.a»uLULULii.*^ 



iAiA^iAtAil\iOiAil\<AlA<AiA<A^<At(N<AiA<AiAinininiAiA/\iAAiAlAiA 


□ osoaoapa:) 


3 a o a a 


aooooo3osooaaoc330«3ooaaoaooo3ooa 

iiiiiiisiiiiiiiiiiiiiitiiiiiiiii 


ii<aJiJaiiUt*i<iiaitii-MaJ 




CCfSXCCCXCSSSCCCSCfCfCXZXCSKXZCS 

oQoaaaaoaooaooooaooQSaaaoooaaaSo 

KSxxxxXflecKtfatx^xxMXxxxxtfxxxxxxaexxx 

U.tkkb X«^Uk«blfeU>«ktLtLi4liLtLU.i^t4vbtkiklkX«fe(ktklLtk«L 


293 


rfN4r*0O>O<^.N^#<A4>l^4)O«O 

30o:3.'3 0ao:nja3;j!730 
ooooaoaaaaaov^aoo 

X\ J\ >t\ J\ ^ ^ 0^0 

iiiiiiiiiiiiiiii <r 

• ^ mm ^ 0m mm 

^ Id ♦ I 

sscxcxcssssccci:c2-»^^<i>«^«» 

o o o a o ^ 5 D 5 o o ^ ^ a 3 zz7 zz 

ocaeatzacaez<icacz0ciacaczzzaii M^Qti n 




3 z z 


• t 

z ^ ^ 

It z 

321 

^ t 

z ^ z 


N ^ 

^ Z ^ 

Z li 

H 3 

m 0 m 0 ^ 

Z Z 


N| iilsNt li»«l 
Hi ^»*N« 3 l>i 
Nl 1U>«^N| lO-lC 



295 



♦ 


♦ 


♦ 


♦ 


♦ 

N 


♦ 


♦ 

AJ 


< 


U> ^ 

Z 

O M 


Li 

Oi (f\ 


T Z 

It M 


Of 

it 

lO 


O M It It Q p 


4A 

o z 


rsj 

zz 


QC O 

^ o 


1 * ^ 
t I- 

^ II 

^ N 

z ^ 

QC 

Z I- 


.::i 


^ *-^ **< oc 

♦ 11 ^ 

^ ^ « II 

OJ ^ r«n , 

z r 2 z z z 

ONllilpOMHM 
^ fH x> »<> 


3 

< 


< 


a 

< 


a 

< 


♦ I I 

JO N- ^ 


OZZZi-sdZZZ 


z 

II 

N ^ 

§s 

2S 


♦ I 


z z 

II II 


4 * 

z z 


r 4 Of 

I - 

It 

n ^ 

^ N tf% 

lie 

•• O 
Z ^ 3 


7 ^ 

II 

JO 

*i> 

z — 

122 

00 -< 

^ 0 ^ O 
Z I-* O 


^ I I 
■N > ^ 


z z z 

It H H 


A 


4 * 

;A 


-H 

XI 


o 

n 


O) 

j\ 


•M ^ ^ 

z z z 

Xi 


X 

»i 

»\i 4 ^ 

22 

23 











296 


♦ 

N 

Z 

N 


I I I- 

i» A 

Z Z 
U i 


z z z 


♦ 

o 

< 

aC 
!• 

M 

M t/\ 

5 e 

z o 
o 


♦ I 

«■« A 

z z 

JL J 1 

^ M 

z z 


♦ 

A 

a 

< 

pH 
pH at 

I •- 

^ N 


I 


♦ 

rr> 

a 

z 


♦ 

o 

< 


♦ I I r- 


H 

fi» «k f» «i» >j i> h» 

Z^ z^ z z z 

^ ^ ^ <NJ ^ ^ 

^ZO^ZO^^p- 
Z^CdZ^OZZZ 


z 

li 

rg lA 

5 ? 

r-4 

?s 


♦ I 

A 

z z 

II tl 

z z 


♦ 

In 

o 
< 
pH 
pH Z 

I ^ 

II 

n 

z -- 

M O 
^ < 
> ^ 
Z 
Z K 


n 

»A p- 

z 

Q II 

n 

o ^ 

^ z 


o 

pH 


A 



00 

04 

M 

M 

fM 

M 

'a 

rg 

Ti 

(A 

/I 


lA 

iA 

I\ 


ORIGINAL PAGE i. 
OF POOR QUALin 


Nl 1)>NU )-lA 

N|11)sNI1II~1 

1R1A0U)«TR1AD(II«1 



N( lllsNI 11)>1 

lRlADI21s1RU0t^Wl 





»-l 

IRIAUI J>=TKJAUi:>l-H 
&C TO b 


5»^b 

NI9)«N1V)-1 


^ Q a o 

< < < ^ ^ < 
<i-< !<-• 

^ gC ^ ^ gC 

>i|K «||_ ^||r> 

^«%^|| 


^ uw ^ ^ ^ y** ^ .’I ^ ^ ^ 

peo — •»-»ocg — — <-»oca — — --0C3 — — — ato — — -»a;o 
►-grz*^3zz2^g*2«»-gz«ZH.iaa:rz»-^ 


Nl h|sM(<* !♦! 
Nt l>sMtn>lA 




♦ 


♦ 


♦ 

M 


♦ 

•4 


Q 

I ^ 

h* 

II 


I ^ 


CD 

< 


>• ♦ 


Z 

H • 

^ Q 


30 

*A ^ 

z 

-3 II 


«0 


>a ^ 

iilH 

0^ 


X 
m 

H 

N A 

33 


I 

A ^ 

A I 

1-4 ^ 

•* 


D 

< 


II Z 
^ II 

li^tv 


IC 

II 

0m 

-4 n 


I 

♦ n 


D 

< 


A 

(I 

-% .A 


^ QC 

I 

II 


I 

04 0m 

• fA 


.D 

T5 r 

-4 ^ ^ 

♦ I ^ ^ 

^ ^ 04 

«*n4n-^^?>4Xi2^2 

*— ««)?— ii*n 

“ “ — II •• 

sm 

A m 


a 

< 


oi: 

ti 

*4 i> 


I 

^ H 

rA I 


:d 

< 


— «. ii «. it II ^ II 

32Ji.:;]i3?3Jil:?3S3 


33 


zt 

»• r 


ac 

p» 

M 


--3 


-A - 


^ ac O ^ 


^ ■* nf O • 

- a: o • — ^ 

QC O ^ ^ ^ Z 

z ►- o z 

ZZ->^ZZ2^0.<; 

Z 2 »- J 2 

Z Z >- O Z 2 Z 

Z 2 2 >- 


O ^ 

D 

«-4 

Al 

x\ 

A A 


A 

0 


A A 

A 

A 

A 






ORIGINAL PAGE IS 
OF POOR QUALITY 


&0 10 :> 

i>03 N(3 )kNO)«1 




C (Ht ARRAY NO uUNTAINb THfc NUMttkR OF KfeACTlONS IhAl FORM SPECIFIED 
C NUNbfcRb OF triads. 


. I 

i 


304 


X 

X 








X 



XI 



A 

p* 



X 



z 

Q 


pi* 

p* 



• 




z 


p4 

p4 






V 



• 

1 



ll 

m 



« 


X 

X 




• 


I/I 



IX 

«x 



Z 

N 


M 



lA 

Wl 



a 

4C 


J 



a 

a 




• 


a 

Q 


z 

z 



< 

• 


a 

2 


«# 




z 

• 





• 

• 



3 

•f 


3 

X 


z 

X 



z 

> 


a 



■X 

M 



XI 



f 

A 


«/) 

/I 

p* 


a 

a 



N 


a 

Q 

X 



< 


4» 

* 


z 

Z 

X 


z 

<x 


o -• 

• 


«» 


• 


4J 



X 





• 

p« 

z 



A X 

•3 


X 

X 


X 

? 

z ^ 


^ ? 

» 



p* 

A 

X 

a 

•X X 


01 Z 



p* 


^- 

•» 

j 

X 


a «t 




‘N 

■J 

t 


a » 


X * 

a 



« 

a 

PX 

X 

XI # 


5 • 

z 


» 

* 

A 

X 

a 

O FX 


Z II fT| 



# 

p* 

uU 

• 


a » 


u a 

> 



-> 

z 

N 

z 

z • 


XI « • 

z 


■* 

» 


A 

z 

M 


/>•:>< 

T 

Q 

pX 

X 

z 

z 

z 

A a 


a z a 

A 

Z 


■» Pfc 

a 

a 


oi < 


2 Z ^ 

-> 


z 

> X 

-X 

•X 

jf 

«J • 


^ *|X 

• 

X 


Z M 


>• 

o 

a 


^ a 


p« 

. X 


Z 

< 


U X 


Z X 


n ^ 

1 ^ 

1 9 

Jl 



a Ui K 


a •a 

^ 3 

» p4 

I/I 

z 

a 

a 

Z 



0 FX • X 

(M lA Z 


^ a 

- V X 

s 

X 

ii 

z a X 


a *- N (A 

A O p* 

3 

^ z 

3^1-1 

•X 

a 

•X # 

o z ^ JO X 

♦•"35 


— X 

• •) I/I 
X » o 

A 

• 

A 

5si-.':S 

X a • » 

M Z » -N 

o a • 

5 ^ 

^ = 5 

z 

jr «p 

» 

K X 

OF 

z 

• o • 

a u 

N 

SSS‘. 


3 S Q 


S 


o ^ 

• • M 

c ^ a 

» • yU 41 ^ 

M H ^ * 

■14 ^ ^ 

N O O 3 

« <c Z X « 

D 3 ^ yO 


lA ^ 

•- 3 

^ > 
tl < 

^ II 

n 

• -> 

zj:^ 

3 •• Z 
OC Cl ^ 

!: ® * e 

o z 

> o 

%/) < j 

4% 

'J f 


O %/l 

:5s 

^ X 

O 

".?5S 

M ^ 

M II II >» 

^ ^ ^ N 
lA ^ ^ 

^30-^ 
^ *1* 

^ ^ OC 


^ 3 X 

t *- 

^ ^ n 
Ar^ • 
3 aC M 

clq 

m m0 A 


Z A \J O 
• OC • ►• N 
< OI » < tf 

Z 3 X 3 Z oi 
t 3 K 


11 II 
II 

-» •> 3 

» * 

lA ^ 
,0 ^ 

O 3 


o ^ ^ at g I- ^ 

3 ^ ^ ^ 3 A A 


^ tf Z ^ 

• 3 oi 3 p^ 

X Z 3 z »- 

X X « z 

X -• 5 < -* 3 

-•-^XQZ-^^*^Z^ 

>>X3» r* A o • ^ 

4> m ^ m O ** 

l■4Kf^ m m4 H • 

|| ••i^ll 

^ m A ^ wm A ^ iC 

^ ^ ^ 

-> #- ^^3 »••• 

>«toznz3zo#ii>zo3z 

<Z0.X “ 


^ < 
o o • 

• o • 

3 ^ X 

M m 0^ 

• A ^ 


^ a» 
^ •» 
» a. 

N -• 
< (A 

• 3 
•O 

K «4 

rg » 

• 3 


A ^ 


0. a 4» X a. ^ Fx 

X ki. < X 


•* 

px 

N a 

a > a 

c a 

a ^• o 

a a 

px a ^ 

■* "0 





1 

I 

1 

1 




305 


I 

I 

! 


H 

# 


A 


•J 

J 

u 

•J 


• m 


I 

[ 


I 



ft 

ft 

ft 

/X 

ft 

• m 

M 

K 

X 

# 

ti » 

04 

04 

fti 

X 

> m 

ft 

ft 

ft 

ft 

a 

(M 

M 

M 

ft 

Ck o 

04 

I-4 

-i 



ft 

ft 

ft 

ft 


• 

• 

ft 

A 

X 

o 

3 

3 

Q 

^ «o 


iJ 

M 

X 

Oi (A 

o 

3 

Q 

3 

X X N 
flC * » 

s 

o 

Z 

O 

XI 

S 

0 

• 

ft 



4A 

A 

X 

X 

o » • 

X 

X 

< 

ft 

•X # # 

B 

B 

M 

4 

H Ni p«i 

O » * 

< 

O 

*3 

X 

ft 

2 M M 

<4» 


M 

ft 

flCin 

3 

3 

3 

M 

cu a 

c3 « m 

ii 

4J 

Ol ft* .A 

3 

Z • ft 

-i ^ 


J Nk 

A 

X K 

4 3 V fft 

3 V O 

3 N O 

rf} U 

B 4* 

o 3 ft o 

3 ft -ft 

3 ft ^ 

< < 

3 » ft 

O 4i ft 3 

4i ft 3 

0j ft 

Z > 

3 4^ *r 

a 4 -J • ft< 

mi 4 04 

-1 • 3 

ft X 

^ »4 1^ 

3 3 

9 A 

3 O ift 

X UJ 

O ft ft 

O X B iii Q 

3 X UJ 3 

U Z ul 

>3 1 


il 11 
>i N 
X ^ 3 

K • • 

• • • < 

• K X 
•< # 

«i4 * il I 

^ t 4^ 

9^ im 014 

pm m m 
< • • M 

SUM 
aC^ 0* < 
OX Of ^ 


J) ^ 

>14 

I I 

m4 0^ 

M M 

A a 


«• • 


pm 0^ Qf» M OH OO 

-<<o 

3 <3 <3 < 

J O ^ -• 

^ < \A < iA C4 < A O 

D • ^ ^ 0^4^ ^»<i 

^ 1< t JO «-< «< • ^ *4 iT 3 

m 04 mm j 0^ m 04 ^ • 

O ^ A < 

W0 ^ % M •m ^ % 04 ^ ^ ^ 

_ -at* 

2 S** = 

*4 #• 

3 at O 3 X 

B a. • 


D 

• lA 

^ O 
O 

< ^ « JO ^ ac J 

04 p* 04 X 9^ 

arOOiL30C33i. 
M ^ *h 


5 g 

i :3 


i 


Si 

o o 


A 

3 

3 


§3 


O 

3 


O ^ 

M 04 

o o 


X 2 v4j a 
--i O ^ 
O 

p* ^ < A 

< 3 

-4 • 4J • 

3 • -1C >• 
4“ ^ X J ^ 
p 4 «i «4 Jl • 

O C ^ A 

04 mm X •• 

2^ii^r 

^ ac 

3 QC D • X 
3 B ^ ^04 

04 

r% A t 

04 04 04 

O 1} ^ 

■4 -4 04 








t>U TU iul7 

lUi6 WRIlt (6tl0io) iMTtttNbi 

lOit fJKMAl llXt*Al iNTkRVAc:^ Uk • t I^t 1X» *bClNbSt • tl^vlXf *MOLI:CUI.EIS I • 
if* if- o M(.K£ A^bbO.'f/) 

1C17 IF llNf«,.;>1 .01 iMJ Id 101<» 


306 







ft 



3 

• 







2 

2 ft 








0 

2 








- 0 

4L 

mm 







00 ft 

0 


mm 






«ft ft 

ft 


N 




ft 


3 2 

• 1 

5 

X 




ft 


^ pft 

3 A 

u 

ft 

ft 



3 ft 


A ft 

2 T 

«u 

m 

< 



A 

P- # 

ft 


3 

0^ ft 



2 K 

X 

ft • ft 

^ ft 



00 mn ^ 



00 04 

X 

— 2 

ft 2 2 

i 

c 

m ^ N ^ 



J ft 

ft 

.« 4i *M K « N 

• 

oc 

» pft ft 



3 * # 

ft 

w • M » 1 ^ • • 

» 

o 




-1 t • 

3 

2 • «A # 

ft 

K 

4m 

M • t ^ 



^ • f 

M 

pft ^ ft • # M 



n »• • 


«ft 

P ^ 

2 

ft 2 X 

f • 

* 

iA 

ft ^ ^ 


n 

X A. ft 

S 

-ft X X 3 



^ ^ ft 1^ 


ft 

ft H 

3 

« ae • * 

X X 

m 

< 

^ Oi • ft 


•ft 

^ • N 

X 

• 0 • • 

ft ft 

m 

•i^ 

ft 3 •• ft 


II 

X 2 ft 


m4 0 •• 

ft ft 

m 

PC 

P» 

mm 00 \J ^ 


n 

ft 

^ 9 

2 ft 

A 

3 

il3S3S s 

• 


3 X < 2 


4ft 

2 2 H 

2 

»2 2 2 

2 CC 

i/l 


2 «t 2 



•2 Ai 3 

9 

n 5 3 ^ 

PC oc 

3 

o 

p» .r «/) 


ft 


2 

04 mx 

s 


3 ft 3 • 


0 

0 0 1 


• u. «i a 

t 2 • 

5 


P» 2 0 


w 

iJ fft ft 

X 

a < 

3^3 

10 

PC 

^ o 


3 

2 </l ft 

0 

* U tk ■« 

K ft ^ 

• 

OJ 

ft lAi ae <i/i 

00 

2 

3ft K 


0 aC a: 

A^A 

• 

aa 

m 

X ^ 

3 ftN 


^ 04 i| ^ 

ft X ft 

K 

s 

•9 mJ • V O 

^ 2 ft 

2 

i/l 2 Z 

ft ft ft 

fi4 

S 

ft3o. K # 


3 N 2 

ui 

• ^ X 

K 2 2 


2 

^ O M 

• A 

ft • 

3 

-ft ^ 0 




mr M • 


ft 


f 

^ 3 AJ 

ftf ft 


2 

.3 ac /I ^ ^ 


3 • A. 

3 

ft 2 > 

2 Ui ^ 

m 

◦ 


ft n 

< ^ ft 

2 

^322 

• ft • 

• 


^ ^ cS X 

ft 

ft 

#ft Ik ft 


^ A z 9 



3 

> < 0. JK 


2 ft2 

2 

> 

X^X 


wU 

< a • o 


^ • 3 

3 

2 • ftJ 

ft 3 ft 

3 

A 

^ 2 • 

2 3 

ft •# ac 


ft» • 2 2 

• 22 


< 

ft ft» 3 •• 

« 

2 

535 

3 


M ac «4 


A 

^ < X A 

1} 


A4 

ft ^ ft £ 

A Ai ft 

^ J ^ 


.ft ^ o u 

• 

> 

2 • 

-/I 

• 3 

J • ft 

^ ^ V 

10 

^322 

3 2 

ft- ft 3 

< 

-ft ft Z 2 

2 3 1 

2 > «» 

PC 

2 2 2 • 
ft ^ ft ft 

p» 


A ft ^ -ft 

3 

-» 3 0. 


» ac • 

9 

V) 


•3 2 X 


^ 2 »ft ft 

ft */l i 



ORIGINAL PAGE IS 
OP POOR QUAUTY 





